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Studies of Air Pollution Control 


A. J. HAAGEN-SMIT 


Professor of Biochemistry, 
California Institute of 
Technology, Pasadena, Calif. 


by Southern California Edison Company 


The relative contribution of various pollutants found in the Los Angeles area 1s dis- 
cussed. Processes designed to curtail the emission of oxides of sulfur and nitrogen are 
described, as well as some results of experiments at the Southern California Edison Com- 


pany's El Segundo Steam Station. 


I. RECENT YEARS the unpleasant discovery was made 
that the air over our densely populated areas is not unlimited, 
and stringent regulations have been made after several serious 
accidents had oceurred. The best known are those of London, 
Donora, and Poza Rico, Mexico. No such accidents have been 
reported from smog-plagued Los Angeles, and extensive studies 
by epidemiologists have not been able to produce evidence that 
permanent damage to the health occurs in this area. Neverthe- 
less, the frequent visitation by the eye-irritating smog cloud has 
resulted in the adoption of a number of relief measures, some 
based on extensive research and others on experience gained in 
other areas. 

Research has shown that the major cause of Los Angeles smog 
difficulties lies in the release of large quantities of organic mate- 
rial, mostly from automobiles [1].1_ These compounds are photo- 
chemically oxidized in the air by simultaneously emitted oxides 
of nitrogen, and these reactions give rise to eye-irritating and 
plant-damaging substances. are formed which are 
believed to be mainly responsible for the dense haze which 
accompanies the eye-irritating cloud. An _ interesting side 
reaction during this oxidation produces relatively high concentra- 
tions of ozone which attacks rubber tires and is largely respon- 
sible for the so-called oxidant effect of Los Angeles smog, cur- 
rently used as an objective measurement of smog severity [2, 3]. 
The oxidant, being the result of a photochemical phenomenon, 
rises in the daytime and is low in the evening and during the 
night. These findings have resulted in extensive recovery 
measures in the oil industry, and in research on better combus- 
tion in the automobile. A practical solution of this problem, 
and also the control of oxides of nitrogen, is still far away. 

Based on experience gained in other areas, a great deal of stress 
has been laid on the control of directly visible pollution, dust, and 
fume-producing sources. As a result, dustfall has been reduced 
to half its former value; open dumps, foundries, steel mills, and 
many sources of readily detectable, objectionable fumes have 
been corrected. 

Careful inyestigations were made of industrial and municipal 
fuel-burning installations which were known to contribute con- 
siderably to air pollution in other areas. The problem in Los 
Angeles is, however, completely different, and a comparison 
with Eastern cities and their approach to clean air is rather use- 
less, for no coal is burned in this area at all. Nearly all the 
power generated in this area is derived from petroleum products— 
fuel oil, gas, and gasoline. 


1 Numbers in brackets designate References at end of paper. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, San Francisco, Calif., June 9-13, 1957, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 2, 
1957. Paper No. 57—SA-59. 
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The power plant engineer is an expert in obtaining the maxi- 
mum efficiency from his fuel. Routine industrial Orsat analyses 
are not able to detect any carbon monoxide; infrared spectro- 
photometric methods revealed the presence of only a few ppm 
of carbon monoxide. The concentration of hydrocarbons, alde- 
hydes, and organic acids do not exceed, as a rule, 20 ppm. We 
may therefore conclude that the combustion is, for all practical 
purposes, 100 per cent complete. A constant check on this is 
part of the regular routine in the station. Moreover, smoke 
density is continuously measured in the stack, and this informa- 
tion is recorded in the control room. Also, the correct burning 
of the fuel is checked by means of a television set looking into 
the furnace. Under these ideal conditions, it would be expected 
that the stack gas would be wholly composed of carbon dioxide 
and water, the unused oxygen, and all the nitrogen and other 
normal components of air. Unfortunately, this view is rather 
optimistic, for we are not dealing with pure hydrocarbons in 
fuel, but with a product which contains, because of its origin, 
organic sulfur and nitrogen compounds. The inorganic mate- 
rials, also present in the oil, give rise to a dust consisting, for the 
most part, of oxides of iron, nickel, and vanadium. 

During the combustion, organically bound sulfur is oxidized 
completely to oxides of sulfur, mostly sulfur dioxide, with a small 
amount of the trioxide. Depending on the nature of the nitrogen 
compounds, small amounts of oxides of nitrogen may be formed 
in addition to those produced in the fixation of atmospheric 
nitrogen at the high temperatures reached in the flame. A 
typical analysis of stack gas from a fuel-oil burning plant (South- 
ern California Edison Company, E] Segundo Steam Station) is 
shown in Table 1. The Los Angeles County Air Pollution 
Control District has made estimates of the total quantities of all 
the various pollutants from the various sources in the Los Ange- 
les Basin. Table 2 lists the relative contribution of different 
fuels to the emissions from combustion sources alone. These 
estimates have been rounded off, because it is rare when greater 
accuracy than 20 to 30 per cent is obtained. 


Table 1 


Gas velocity, ft/sec 
Gas temperature, deg F.. . 
Insoluble solids, gr/SCF... 


Analysis of stack gas 


Water, per cent..... 
Sulfur trioxide, SO,, ppm 
Sulfur dioxide, SO., ppm 
Oxides of nitrogen, NO:, ppm.... 
Orsat analysis 
COs:, per cent. 
Oz, per cent. . 
CO, per cent.... 
Ne, per cent. . 


1959/1 


JANUARY 





Table 2 Pollutants (tons/day) emitted to the atmosphere in Los Angeles 
County from bustion pr 





Oxides of 
Sulfur 


Oxides of 
Nitrogen 
(as NO.) 


Organics 


Gas 
oil 
jasoline 
Refuse 
Total combustion 
| Total emissions 


Where methods of control are available, their application will 
be quite expensive in initial cost as well as maintenance, and it 
is therefore necessary to discuss first the question why emissions 
of power plant stacks should be controlled. In attempting to 
answer this question, it is well to distinguish here between local 
and widespread effects. 

While there is no debate about the necessity of controlling 
nuisance effects, there is considerable difference of opinion in 
the need for control when no physiological effects are noticed on 
plants or animals, This is the case in the Los Angeles area, 
where complete lack of plant damage shows that the SO, content 
is less than 0.2 or 0.3 ppm. Chemical methods confirm these 
low values. There is no indication that there is any free sul- 


furic acid in the Los Angeles atmosphere, and any sulfate found 
was in bound form, either as calcium sulfate or ammonium sul- 


fate, both harmless substances. 

The investigations of Gerhard and Johnstone [4] have shown 
that the oxidation of SO, to SO; is quite slow, and that during a 
24-hour period only !/. per cent of the SO, is converted to sul- 
furic acid, The authors came to the conclusion that the gas 
phase oxidation of sulfur dioxide of naturally polluted atmos- 
pheres in natural sunlight would not be significant in effectively 
reducing the visibility, since it would require approximately 
100 hours of noon sunlight to reduce the visibility to one mile. 

There is a distinct possibility that more rapid oxidation may 
take place in liquid phase reactions in fog droplets, or in a com- 
bustion of gas phase and liquid phase reactions at high humidity, 
whereby the presence of metal oxides may exercise a catalytic 
effect. In speculations of this kind, we should also take into 
account that the concentrations of SO. and NO at the exit of 
the stack are several thousand times higher than at some dis- 
tance away. Some conversion does take place at these higher 
concentrations, a fact which is familiar to anyone who has made 
attempts to determine accurately the concentration of SO, and 
SO, in exhaust gases. 

It is well known that the appearance of the plume 
greatly with atmospheric conditions, especially with high humid- 
ity and low temperature. Plume formation due to the pres- 
ence of SO, is noticeable at concentrations of SO; above 20 ppm. 
The concentration of SO; measured in the flue gas of the El 
Segundo Station under ordinary conditions represents a border- 
line case. At times of high humidity or low temperature the 
plume is more pronounced than on dry and hot days, and on 
those hot, dry days the visible plume is probably caused, for the 
These considerations are, of 


varies 


most part, by inorganic dust. 
course, of interest to anyone who installs corrective equipment. 
If the plume is caused by a conversion of SQ, into SO,, the re- 
moval of the sulfur trioxide is indicated. On the other hand, if 
dust is the major cause, electrostatic precipitation would be the 
method of choice. At present, the opinions are divided on this 
subject, and while this question remains undecided, both con- 
trols will have to be considered. 

To study the removal of dust and sulfur trioxide, a Western 
Precipitation pilot installation has been in operation at the 
Redondo Steam Station, and more recently, a more refined unit 
of the same type was built at the 1 Segundo Station of the Edison 
Company to obtain data on the efficiency of collections at higher 
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flow rates. An APRA precipitation unit, operating at a tempera- 
ture of 700 F, is being tested at El Segundo. 

Studies on the control of the emissions of oxides of sulfur and 
nitrogen by the electrostatic precipitator units show that dust 
and aerosol particles are collected, and gases such as the oxides 
of sulfur and nitrogen are not removed. There is some removal 
of sulfur trioxide, or sulfuric acid, and its concentration is re- 
duced to 10-20 ppm, or about half of its original value. There is 
reason to believe that, after installation of full-scale units of 
this type, the plume will have largely disappeared. 

It is not expected that the removal of dust and sulfur trioxides 
from power plant emissions will have a noticeable effect on the 
smog conditions in general in the Los Angeles basin. Attempts 
are therefore made to combine the installation of dust removal 
equipment with means of reducing the sulfur oxides, and espe- 
cially, the oxides of nitrogen which are known to be essential 
components in smog formation. 


Control of Emission of Oxides of Sulfur 


Processes have been developed in the past which reduce sulfur 
oxides occurring in stack gases at concentrations of several thou- 
sand ppm to about one thousand ppm. In the burning of oil 
with low sulfur content, sulfur dioxide concentration in the stack 
gas is already down to the thousand ppm level, or lower. There 
is, at present, no satisfactory process which could handle economi- 
cally the large quantity of gas of the order of half a million 
cfm and reduce the sulfur dioxide concentration appreciably. 
The same is true for the removal of oxides of nitrogen. Processes 
are known for the control of these gases in nitric acid plants, 
but, here again, the concentrations are many times higher than 
we find in flue gases of Los Angeles power plants. 

There are several approaches to the problem of reducing the 
sulfur dioxide content of stack effluents: 


(1) Use of gas or fuel with lower sulfur content. 

2) Scrubbing of exhaust gases with (a) liquids and (}) solids. 
(3) Adsorption processes. 

(4) Chemical conversions and coupling with processes 2 or 3. 


The Edison Company uses the maximum quantity of gas 
available, but the use of gas is unfortunately limited through its 
supply, and unless heroic measures are taken to increase impor- 
tation of additional supplies, this shortage will be even more 
severe in coming years when more power is needed. The re- 
moval of sulfur from fuel is expensive, and would run into an 
increase in the fuel bill of several million dollars/year. The 
sulfur is present in complex ring systems and cannot be removed 
simply by washing with alkali. 

The oil industry has been trying for years to break the heavy 
fuel oil to more valuable volatile products, but has not yet sue- 
ceeded in doing this in an economically feasible manner. It is 
conceivable that a hydrogenation and special kinds of cracking 
processes could furnish more volatile fuel from whith the sulfur 
has been removed as hydrogen sulfide. Any one of these proe- 
esses will increase the cost of power considerably. 

Scrubbing methods have been applied on large power plants in 
Iingland along the Thames River. In the Battersea effluent 
process, SO2 is removed by scrubbing with very large quantities 
of slightly alkaline river water. In the Howden I.C.I. noneffluent 
process the gas is scrubbed with a water slurry of lime or chalk. 
The resultant caleium sulfate is removed by sedimentation and 
filtration and is discarded. One of the objections to any scrub- 
bing process is the cooling of the gases. I-ven though the gases 
are discharged from tall stacks they fall to the ground from time 
to time near the power station. This results in a nuisance, 
according to reports from England, where two stations are 
equipped with scrubbing devices. In order to prevent local 
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Limestone 
dwmonia 
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$1,431,450 
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2,176,650 


$1.23 
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$1.23 
1.40 
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complaints, it is necessary to remove almost completely both the 
obnoxious gases, SO2 as well as NO, or reheat the flue gases 
before they leave the stack. 

Other scrubbing processes use ammonia in ammonium sulfite 
with the intention of producing some usable product in the form 
of ammonium sulfate or sulfur dioxide or sulfuric acid. Aqueous 
ammonia solutions are being used by the Olin Matheson Chemi- 
cal Corporation for the removal of sulfur dioxide, and it is 
claimed that one-stage scrubbing will reduce the concentration 
of SO, in flue gas to 800 ppm; a second scrubbing brings the 
concentration down to 300 ppm. 

In the Fulham-Simon-Carves Ammonia Process, gases are 
scrubbed with a concentrated solution of ammonium salts (gas 
liquor), ammonia being added at a rate corresponding to that of 
the absorption of oxides of sulfur. Oxidation of sulfur dioxide 
to the trioxide was encouraged through the addition of iron hy- 
droxide and air. Even with low incoming gas concentrations 
of 500 ppm, reduction in concentration to 30 ppm was accom- 
plished, 

Wet scrubbing with organic solvents, such as xylidine, has been 
considered and is similar to the Gerbitol process whereby HS is 
removed from refinery wastes with diethanolamine and similar 
basic solvents. In principle, the method can be applied to the 


removal of SO.. The low concentration of the SO, and losses in 
solvents through the large volume of inert gas to be treated are 
not encouraging. 

In general, the wet scrubbing processes do not seem too prom- 


ising after the experience in London. The cost seems rather 
prohibitive when operating with low SO, concentrations. A 
cost estimate has been made by the U. 8S. Bureau of Mines [5] for 
the coal industry, and Table 3 gives the costs of three different 
processes, based on an assumed capacity of 20 million SCF/hr, 
equivalent to 475,000 tons of coal/year. Annual operating 
costs are estimated for cases with and without the formation of 
salable by-products. 

Dry scrubbing is generally not regarded as economical because 
of poor penetration of the gases into the chemical agent or adsorb- 
ent. On the other hand, a selective removal of SO, and NO 
by a solid has the advantage that cooling of the gases as in a wet 
scrubber may be prevented. The combination with alkaline 
chemicals is probably limited to the use of lime. In this respect, 
a combination of the waste products of cement plants and power 
plants deserves consideration, when the location of the plants is 
favorable and means of disposing of the combined waste prod- 
ucts are available. This solution is, of course, only feasible in 
a few selected areas and other means have to be found which are 
more generally applicable. 

A modification of the dry scrubbing method consists in the 
introduction of potential alkaline reagents, such as chalk, dolo- 
mite, or lime in the fuel bed at different locations [6]. Some 
experiments along these lines are being conducted at the South- 
ern California Edison Company El Segundo Station, mainly for 
the purpose of reducing the amount of sulfur trioxide. These 
methods are not expected to reduce materially the SO. or NO, 
concentration. One disadvantage of the method is the addition 
of several tons of dust, which adds to the required size of the 
However, this disadvantage is readily offset by 
Also important is a 


precipitators. 
the decrease in corrosiveness of the gases. 
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considerable lowering of the dewpoint allowing a more efficient 
use of the hot stack gases in preheaters and economizers. 

Several of the experimentally tested methods of SO, control 
have been described in Mallette’s ‘Problems and Control of Air 
Pollution’’ [7]. 


Adsorption Methods 


Adsorption on nonreactive media such as charcoal, silica, and 
exchange resins opens the possibility of regenerating the ad- 
sorbed gases in more concentrated form by a simple process 
such as heating, treatment with steam, or elution with aqueous 
ammonia solutions. Bench experiments at the Southern Cali- 
fornia Edison Company E] Segundo Station have shown that 
activated charcoal adsorbs considerable quantities of sulfur, as 
well as nitrogen oxides, even at temperatures of 150 F. The 
quantities adsorbed on different kinds of charcoal are listed in 
Table 4. Recovery was accomplished by heating to 500-700 F, 
whereby the SO, is removed in concentrated form. After the 
adsorption and desorption the charcoal can be used again. 

It has been observed that the oxides of nitrogen are adsorbed 
ahead of the sulfur dioxide, and that they are gradually desorbed 
when the well-defined SO, adsorption boundary moves forward 
to the end of the column. Both oxides are concentrated in this 
process and existing methods of recovery could be applied with- 
out difficulty. 

One of the best grades of charcoal adsorbs all sulfur dioxide 
from 2 ft* of flue gas, which means that at a rate of half a million 
{t?/min of flue gas, one needs every minute 2!/, tons of char- 
coal. The possibility exists of accomplishing the adsorption in 
a flowing bed, as is being done for the separation of hydrocarbons 
by the petroleum industry. The conditions for sulfur dioxide 
adsorption are more favorable than for hydrocarbons because 
of the large quantities of SO, adsorbed. Some of the charcoals 
used adsorb as high as 30 per cent of their weight of sulfur dioxide 
at room temperature and 10 per cent at 150 F, notwithstanding 
the high water and CO; concentrations. A process of this type 
is expensive, as shown in Table 5, since a large sized bed is needed 
to effect good absorption and prevent pressure drop. In addition, 
losses in carbon occur in repeated adsorption and desorption. 
Although the adsorption power remains high, the loss in weight 
amounted to 20 per cent in fifty adsorption cycles. Neverthe- 
less, there may be application for this type of control on smaller 


Table 4 Adsorption of sulfur dioxide on charcoal 





Adsorption Flow 
Temperature ate 


° Mge. 50/8. 
Charcoal +) Fc.7/min. 


Charcoal 





153 
19 






































", "BY, "C", etc., ere code letters for the different charcoals 


tested. 
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Table 5 Cost comparison of recovery processes (single unit, 175,000 kw) 


Cost per 
Berrel 


Annus! Operating 
Initial Cost Cost (1) 


>) 3,000,000. 





Process 


atalytic S02 Oxidation $ 25,000,000 $ 1.40 


Process with Mn {Oy 


3,000,000. > 1,000,000 


yelic Lime Frocess 

(98% Removel) 

Aamoniacel Liquor Process 6,000,000. 2,000,000. 
(90% Removel with 
Precipitetor) 

Amponiace! Liquor Process 5,000,000 

(90% Removal without 
Frecipitator) 

1,500, 


Jiuw Sulfite Process 4,000,000. 


Vanadium S02 Oxidatior 12,000,000. > 3,000, 


yarcoe) Adsorption 15,000,000 > 5,000, 


Jesuifurizetion of vil ? 


) Includes chemicals, labor, maintenance, (axes, insurance, depreciation, 


and overhead 


Bechtold 
Report to Southern 
February, 1958 


Reference Ira ( 
alifornia Edison Co 


units when it is essential to obtain quantitative removal of 
sulfur dioxide and other gases. 


Chemical Conversions 


Many attempts have been made to convert sulfur dioxide into 
forms which would be easier to remove from the gas stream. 
Reduction to hydrogen sulfide and sulfur, as well as oxidation to 
sulfuric acid have been carried out. Because of the low con- 
centration of sulfur dioxide in flue gas, coupled with the presence 
of excess air, reduction methods seem not very promising. Oxi- 
dation to sulfuric acid, on the other hand, is carried out in the 
wet scrubbing Fulham-Simon-Carves process, whereby the oxi- 
dation is catalyzed by manganese and iron salts. 

Recently, a process was developed whereby the catalytic action 
of manganese salts is assisted through the presence of ozone. In 
our laboratories a 90 per cent oxidation of the sulfur dioxide in 
flue gas was accomplished with a commercial vanadium pent- 
oxide catalyst. The resulting sulfuric acid was collected in a 
precipitator operating at a temperature of 280 F, yielding directly 
concentrated sulfuric acid of 80 per cent strength. Although in 
the pilot plant no interference from dust was observed, a large- 
scale process of this kind would probably require dust removal 
before the catalyst bed, increasing still further the cost of this 
process. Engineering estimates on both processes are given in 


Table 5. The operating conditions are as follows: 


Vanadium Catalyst 


1105 grams Monsanto Va Catalyst (T-748) 
Bed: 15'/, X 3 in. 
Temp: 800-900 F 
Rate: 3.5-4.0 cfm 


Precipitation @ 300 F Acid: 75-85 per cent 


The Control of Oxides of Nitrogen 


In general, the oxides of nitrogen are more difficult to remove 
than the SO... Scrubbing with alkaline reagent removes only « 
part of the oxides of nitrogen, even though strong bases are 
used. The major portion of the oxides of nitrogen originate in 
the fixation of atmospheric nitrogen at the high temperatures of 
combustion. The rapid cooling of the gases is an important 
factor in the relatively high nitrogen oxide content of the stack 
effluent, since rapid cooling presents a shift of the equilibrium 
to the lower NO concentrations normally found at lower tem- 
peratures, It follows that a change in cooling rate or combustion 
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temperature through changes in burner design or in the furnaces 
themselves might effect a considerable reduction in the nitrogen 
oxides formed. It was found that an important reduction in NO 
could be obtained when burning oil by operating with a defi- 
ciency of air through the burner auxiliary openings. 

Recent developments indicate that by modifications in burners 
and furnaces, such as use of auxiliary sources of combustion air, 
elimination of approach cone plates, changes in burner throats, 
and relocation of burners, it will probably be possible to reduce 
the NO emission of existing front-fired furnaces by as much as 
40 per cent, and of future front-fired boilers by 50 per cent. 
Arrangements are being made to test these possibilities on an 
operating unit at E] Segundo. 

Parallel with these investigations, attempts were made to 
develop a catalytic decomposition of the oxides of nitrogen into 
nitrogen and oxygen, as well as an oxidation to nitric acid. 
About forty catalysts were tested without noticeable success. 
Adsorption processes were also tried. Both charcoal and mo- 
lecular sieve Materials selectively adsorbed oxides of nitrogen, 
which could be partially recovered afterwards. In both cases, 
however, the cost seems prohibitive for application to a power 
plant. While thus far we have found no satisfactory catalyst, 
theoretical considerations predict that such a catalyst probably 
exists, and work is being continued. 

In the course of studies on the reduction of stack effluents an 
urgent need was felt for an improvement in existing analytical 
methods for the determination of oxides of sulfur and oxides of 
nitrogen, as well as dust load. A thorough study of these meth- 
ods led to modifications and standardizations which have been 
essential in the evaluation of the experimental work. 

It is clear from the foregoing that no matter which process 
will ultimately be developed, the cost will be high. The return 
on valuable by-products will be small, and even doubtful when 
all fuel burners begin to recover sulfur and nitrogen oxides. 
There is also no doubt that there will be a demand for ever- 
increasing completeness of the control since the end of the popu- 
lation increase is nowhere in sight. 

Such situations demand extraordinary methods, and one of 
these is the decision of all power generating agencies to work 
together to exchange information on anything that may lead toa 
solution to the problem of stack gas control. This decision is 
comparable to one taken several years ago in Pittsburgh when a 
council was formed by a group of people who had only one goal 
in mind—to clean up Pittsburgh. Forgetting private interests, 
these representatives of different industries prepared and carried 
out a campaign in air-pollution control, which resulted in a 
marked improvement in the Pittsburgh atmosphere. 

In Los Angeles, the Joint Research Council on Power Plant 
Air Pollution Control has been operating quietly since March of 
1956. Its members include representatives from all the power 
companies in this area, together with delegates from the Los 
Angeles and Orange County Air Pollution Control Districts. 
These men meet regularly to exchange information on the re- 
search program now under way and this in itself is a big step in 
the right direction. 


Addendum 


Since the presentation of this paper, the program on air-pollu- 
tion control at the Southern California Edison Company has 
arrived at a point where research is being translated into engi- 
neering. Through a study of the economic feasibility of several 
control processes, the necessity for large and densely populated 
areas to use gas in power production has been clearly established. 
Steps have been taken to secure additional quantities of gas, and 
the necessary alterations for gas burning have been made at all 
Edison Company steam stations, At the same time, the pro- 


TRANSACTIONS OF THE ASME 





gram has resulted in the development of several means of burning 
fuel oil within the legal limits of plume density. 

A full-scale Western Electrostatic Precipitator is being con- 
structed at a cost of close to one million dollars. This marks the 
first attempt on the part of industry to control the effluent from an 
oil-fired burner. On this unit, experiments will continue on the 
addition of alkaline reagents. It is anticipated that the removal 
of dust, plus some of the sulfur oxides, will eliminate any trace of 
visible plume except on rare days of cool temperature coupled 
with high humidity. 

Studies on plume formation and on the feasibility of a reduc- 
tion of stack temperature have shown distinct possibilities for a 
heat recovery process which may, to some degree, offset the cost 
of air-pollution control equipment and its maintenance. 

Finally, ways have been found to obtain a drastic reduction in 
the formation of nitrogen oxides, an accessory in the formation of 
typical Los Angeles smog. During this time the accuracy and 
the reliability of the analytical procedures have been greatly 
improved, Instrumental analyses have been developed which 
are seen as a decisive factor in the reduction and control of oxides 
of nitrogen. 

These accomplishments were made possible by the concerted 
efforts of many agencies who participated in the research program 
of the Southern California Edison Company. Among them were 
the Bechtel Corporation, the APRA Corporation, Truesdail 
Laboratories, and the Western Precipitation Company. In 
addition, helpful support was given by the California Research 
Corporation and members of the Joint Research Council, which 
include the Air Pollution Control Districts of the Los Angeles 
basin, as well as the other power companies. 
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DISCUSSION 
FREDERICK S. MALLETTE? 


At the time of writing, the author was reporting on research 
by the Southern California Edison Company which had been under 
Therefore, his paper is essentially a 
It is unfortunate 


way for less than a year. 
progress report indicating promising advance. 
that the paper by Hotchkiss, et al., mentioned by the author is 
not being presented. Presumably it would have supplemented 
the discussion of the chemical aspects of the research with those 
more directly relating to mechanical engineering. For example, 
the Hotchkiss paper might have shed further light (or possibly 
Dr. Haagen-Smit himself may oblige) on the statement that 


2 Executive Secretary, Committee on Air Pollution Controls, The 
American Society of Mechanical Engineers, New York, N. Y. 
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after installation of full-scale units of this type, the plume 
will have largely disappeared.’’ Experience indicates that, even 
when collection efficiencies are quite high, the resulting reduction 
in stack plumes is not entirely complete. Before complete dis- 
appearance of plumes which are composed of fine particles, 
collection efficiencies must approach 100 per cent. 

Although the stated objective of the described research is 
praiseworthy—namely, to focus on the control of particulate 
matter and of the oxides of nitrogen as being most directly re- 
lated to reduction of the over-all Los Angeles smog— it is not so 
certain that the results when obtained will result in the satis- 
faction of residents near the power plants. These persons, not 
so fully acquainted with the fine points of smog chemistry, be- 
lieve that a visible plume—however reduced in magnitude—is a 
definite sign of pollution. It is to be hoped that the author’s 
optimism is fruitful. 

The principal hopes for reduction of sulfur-stack gases are the 
substitution of low-sulfur gas or oil for present fuels, the possible 
use (as a heroic measure) of wet-scrubbing, dry-scrubbing by 
alkaline dusts, or by adsorption methods. 

The author has adequately presented the fact on the first two 
methods. I can only add that my own experience supports his 
findings regarding the influence of alkaline dusts commonly used 
to modify boiler slags. I have found no influence on sulfur di- 
oxide, and while these dusts do combine with sulfur trioxide, 
the resulting product is more voluminous, difficult, or impossible 
to collect, and scarcely less corrosive. 

Although it is too early to judge their exact place in the field 
of control, the possibilities of adsorption methods are intriguing. 
However, judging from experience in controlling odors, there is 
little doubt that they will be very expensive. Furthermore, the 
enormous gas volumes involved will require huge adsorption 
vessels, aside from the necessary gas-cleaning equipment. 

Power plant effluents—even from a relatively high sulfur fuel— 
are still too lean for economical conversion to sulfuric acid. The 
day may come when native sulfur supplies are exhausted so that 
power plants can afford to recover that element, but at present it 
appears too far off to be of comfort. 

If, then, available methods for the reduction or removal of 
sulfur are unattractive, the picture for oxides of nitrogen is 
even more so. However, it is more heartening to learn of the 
strenuous efforts on stack effluents by the Southern California 
Edison Company, especially as work on the problem on a large 
scale in this country has not been pursued energetically. So far, 
the British have spent more time and money on the problem of 
stack effluents, particularly on the sulfur gases, but now the 
problem must be faced by the large consumers of fuel here. 
The author’s sponsors are to be complimented for their pioneer- 
ing efforts. Further reports will be awaited with interest. 

A minor correction: The reduction of smoke in the Pittsburgh 
atmosphere was brought about almost entirely by voluntary and 
involuntary changes in the domestic fuel pattern and not, as is 
commonly believed, by control of industrial effluents. Except 
in a few cases, such as the railroads where diesels replaced steam 
locomotives, industry in the Pittsburgh area has been, and still 
is, in violation of the local ordinance. Recent reports indicate 
that official pressure is being brought to bear on some of the large 
industrial offenders. 


R. A. VANMETER® 


It is always a pleasure to hear or read a paper by this author, 
who has so successfully brought his penetrating insight and pro- 
ductive talents to bear on diverse problems of air pollution. 


8 Technical Assistant to the Chief, Division of Bituminous Coal, 
Bureau of Mines, United States Department of the Interior, Wash- 
ington, D.C. 
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Through knowledge of the role of hydrocarbon vapors in Los 
Angeles air pollution gained from his own research he has led 
others, by stages, from initial skepticism of that role, through 
growing recognition, to the present widespread efforts by many 
competent scientists and technologists to reduce that role sub- 
stantially. Characteristically, the author is again conducting 


pioneering research studies in another great class of combustion 
processes which he believes is a significant factor in urban air 


pollution. I feel confident that others will follow his lead, and 
that real progress will result from these efforts to control air 
polluting emissions from combustion in furnaces, at or near 
atmospheric pressure. Ultimately and hopefully, technology 
may be developed so that small commercial furnace units, and 
even household space heating units, may come under a measure 
of effective control of their stack emissions to the extent that 
atmosphere purity considerations dictate a need. 

It is appropriate that the author has selected for his basic 
study in this field an industry that consumes prodigious quantities 
of fuel by burning it in a highly efficient manner. The electric 
utility is to be congratulated for its vision in instituting and so 
generously supporting this work, which I understand goes well 
beyond efforts for mere compliance with maximum legal emission 
levels. 

This paper appears to be a sound interim appraisal of the stack- 
emission problem from a viewpoint of a particular power plant. 
Although many of the aspects apply to power plants in general, 
the character of the fuel, and the up-to-date design of the furnace 
and boiler are not typical of power plant installations across the 
country. It would be helpful on a national scale to have simi- 
larly conceived and executed studies for a major plant burning 
pulverized coal, another burning coal fed by spreader stoker, and 
yet another for a comparable gas-burning installation. Ulti- 
mately, it appears that similar studies should be made on typical 
smaller scale combustion installations, diversely fueled and fired. 

This discusser is in complete agreement with the author that 
no simple and inexpensive panaceas are in sight to cure the re- 
maining ills of noxious stack effluents. The skills and efforts 
of many competent scientists and engineers will be required to 
cope with the stack-effluent-control phase of maintaining urban 
air quality at satisfactory levels. 

I should like to see developed more significant data for the con- 
tent of such substances as CO and perhaps total organics in the 
El Segundo Station stack effluent. Since the Orsat-analysis 
value for carbon monoxide is reported to the nearest tenth of a 
per cent, it means to me only that CO, if present, was there to an 
extent less than 500 ppm. The manner of reporting the absence 
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of aldehydes and organic acids leaves no insight into what might 
be maximum concentration values for these classes of compounds. 
It is believed that there are available techniques for concentra- 
tion and ultimate quantitative determination of the types of 
compounds mentioned. In this day of recognition of the pro- 
found air-pollution-reaction effects of certain compounds when 
they are present in minute concentrations, we must be cautious 
in dismissing as insignificant in amount any possible products 
of combustion. . 

In closing, it has been a privilege to discuss this valuable in- 
terim report and survey paper. 


AUTHOR'S CLOSURE 


The Los Angeles Air Pollution Control District has determined 
the organic constituents at the Southern California Edison 
Company El Segundo Steam Station. The results are as follows: 


7 ppm 
. 26 ppm 
. 13 ppm 
.<l ppm 


Organic acids. 
Aldehydes..... 
Hydrocarbons...... 
Carbon monoxide. . 


From these data we calculate that, in burning 3000 tons of oil 
and producing 350,000 kw, the total organic material emitted to 
the air amounts to only 4 tons per day. It is interesting to com- 
pare this figure with that of the emission of the automobile in 
the Los Angeles area. The two and a half million automobiles, 
consuming 12,000 tons of gasoline per day, emit during that 
time about 1000 tons of organics. These figures show clearly 
the efficient combustion in a power plant as compared to the 
relatively poor performance of the automobile engine. 

As a part of our research program pilot plants have been in- 
stalled which are of such dimensions that a reasonable extrapola- 
tion can be made to a full-scale unit. In these units, designed 
for 5000 and 20,000 cu ft per minute, the plume disappears when 
the precipitator is operating at 90 to 95 per cent efficiency. We 
feel confident that under normal operating and weather condi- 
tions this will also be the case with a full-scale unit. It is almost 
certain that in cold and damp weather a plume will be formed 
when the dewpoint of the flue gas is reached. At that time, 
however, the plume is not due to dust but to sulfurie acid 
droplets. The precipitator does remove some sulfuric acid as 
metal sulfates. The intended addition of alkaline reagents 
has been shown to remove further quantities of sulfuric acid. 
Under these conditions the flue gas dewpoint is quite low, and 
weather conditions will therefore have less influence. 
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their life history. 


Characteristics of Airborne Particles 


Airborne particulates are primarily responsible for the visible effects of air pollution 
and contribute appreciably to the total mass of pollutants. A substantial fraction of 
the particulates is submicroscopic so optical methods are not suitable for following 
Techniques for measuring number and average size of submicro- 


scopic particles over wide ranges have been developed but are not widely known or used 


outside the laboratory. 


A review is given here of some of the more useful parameters 


of particles and methods by which these can be measured. 


Introduction 


= Is A considerable body of scientific literature 
on airborne particles in which will be found a number of con- 
tradictions in detail and some fairly large discrepancies in the 
values of various constants. In general, the relations which have 
been derived in the literature apply to uniform aerosols. Under 
field conditions there is always a wide variety of sizes and usually 
a time variation in population which forces the use of approxima- 
tions and averages. The approach here is to make simplifying 
approximations in the mechanisms involved so that the deriva- 
tions are simplified. It is possible to make such assumptions be- 
cause others have gone through a more rigorous solution which 
makes it possible to evaluate the assumption. The results given 
here are approximations and should be so regarded. In this field, 
one must not expect the precision of measurement associated with 
more established technologies. 

The most important mechanism for the production of an aerosol 
is the condensation of a supersaturated vapor. A spark between 
silver contacts (on a relay, for example) vaporizes a minute 
amount of silver and, as this vapor cools, the silver condenses into 
numerous tiny particles. Opening a 10-amp, 110-volt, noninduce- 
tive circuit may produce 10!” particles. Heating a liquid, such 
as oil, will produce a vapor above the surface that will form 
particles if the vapor is cooled. In a flame, many materials will 


Contributed by the Power Division and presented at a joint session 
of the Power Division and the Committee on Air Pollution Controls 
at the Semi-Annual Meeting, San Francisco, Calif., June 9-13, 1957, 
of THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 1, 
1957. Paper No. 57—-SA-56. 


be vaporized and subsequent cooling will produce supersaturation 
and the formation of particles. 

The size of the particles will depend upon a number of factors, 
but mainly on how many centers of combinations exist in the first 
cooling and the length of time before dilution occurs. Once small 
particles are formed they tend to coagulate; that is, when two 
collide by random thermal motion they stick together. 

The total number of particles in any one locality varies over 
very wide limits. An industrialized area may run around 50,000 
particles per ec, while a busy airport may exceed 100,000, and in 
busy metropolitan traffic the count may exceed 500,000. 

Junge [1]! has suggested a “normal” distribution of natural 
aerosols that can be expressed as the number greater than a given 
size 

K 


r3 


(1) 


where (>, is concentration of particles per ce with a radius 
greater than r; A = constant depending on total number in 
range of radii between 5 &X 10-6cem and 2 X 107% em. 

This can be plotted as in Fig. 1. The chances of finding such a 
distribution are most likely when the aerosol being measured is a 
mixture from many different sources. 

The size distribution in any one situation can vary over wide 
limits, and Junge’s relation gives us a standard of comparison 
rather than a “law” of size distribution. 

The weight of material in a geometric interval is constant in the 
restricted range of sizes covered by the foregoing relation. 

The size of particles in Dublin air is given as 2 to4 X 10% em 
radius by Prof. J. J. Nolan [2]. Particles formed from the 


1 Numbers in brackets designate References at end of paper. 





Nomenclature 


= particle concentration, num- 
ber/ce 

initial concentration 

radius, ¢m 

fractional 
flowing 


proportionality constant 
radius of particle, em 
weight, grams 


velocity at h, cm/sec 
flow, em'/sec 


loss from diffusion, 


coagulation coefficient of par- 


radial distance from wall, em ticles 


electronic charge, statcoulombs 

Boltzmann constant (1.38 X 
10-“ergs/7’) 

degrees Kelvin 
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density, grams/ce 

relative humidity for water drop 
equilibrium 

length of tube, em 

distance, em 

time, sec 

diffusion constant, em?2/see 

number of particles 


area, 8q em 


fractional loss from diffusion in 
place, static 

limiting velocity due to gravity, 
cm/see 

time constant, coagulation loss, 
sec 

small ion pair per ce 

recombination coefficient of small 
ions (1.6 & 10°°) 
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= cm stratvolt 
mobility per 
s8eC em 


concentration of charged par- 
ticles of either sign, number/ce 

concentration of uncharged par- 
ticles, number/ce 

fraction of particles charged with 
either sign 

ion pairs per sec 
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Cy, NUMBER PER CM> OF “SIZE GREATER THAN" 


10°? 10-6 10°5 10-4 
RADIUS OF PARTICLE IN CM 


1073 1072 


Fig. 1 "Normal" distribution of natural aerosols 
photolysis of SO, or by sparking silver contacts in an air blast are 
numerically abundant with radii between 1077 and 1076, 


Measurement of Number of Particles 


The easiest method of measuring the number of particles in an 
aerosol is to copy Nature by producing a fog and then to measure 
the fog density [3-8]. Water vapor will not condense on itself; 
it requires a particle to start with, and the smaller the particle 
the higher the relative humidity required. Condensation can 
take place on a flat water surface at 100 per cent relative humidity; 
in fact it is this property that defines relative humidity. The 
relative humidity for equilibrium is 


1.1 6 a0? 


r 


Hy = 100 + (2) 


when r > 10% If the humidity is higher than this equilibrium 
value, the drop will grow. 

When a sudden expansion produces a relative humidity high 
enough to start condensation on the particles, the water drops 


form rapidly. In several types of counters, the expansion cham- 
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Fig. 2 Equilibrium humidities of water 
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ber is lined with a wet blotter. The expansion cools the air 
(maybe 20 C), the excess water vapor condenses and heats the 
air (some 15 C). The blotter stays substantially at room tem- 
perature and water evaporates from it into the colder air, and it, 
in turn, condenses on the drops to heat the air further, so that in 
a few seconds both drops and air are substantially back to room 
temperature. 

The growth of water drops is fast—a typical value of time to 
use up the water vapor available in a matter of milliseconds 
The smaller particles grow faster than the large particles so that 
the final drops are all nearly the same size. It has been calcu- 
lated [9] that two particles having radii in a 100 to 1 ratio produce 
water drops differing by only 1 per cent. 

Attempts to determine the size of particles by Equation (2) 
have been disappointing. When the particle is anything but a 
water drop, correction factors must be applied that will be un- 
known in a natural aerosol, or even in most cases of artificially 
produced aerosols. The ‘‘condensation radius” can be defined as 
the radius of a water drop that would start to grow at the same 
supersaturation required by the unknown aerosol. This parameter 
can be useful in predicting the behavior of the aerosol under fog- 
forming conditions but it is not a reliable measure of physical size. 


Light Transmission 


The seattering of light by small particles is a complex affair that 
has been treated at length in the literature [10, 11]. A danger- 
ously oversimplified behavior is shown in Fig. 3 which presents 
the effective area per gram of water when subdivided in drops of 
the radius shown. In the larger sizes, the scattering is propor- 
tional to the total cross section of the drops as would be ex- 
pected. In the very small sizes, the scattering follows Rayleigh’s 
law. In the intermediate sizes, where the radius of the particle 
is in the neighborhood of the wavelength of the light by which the 
particle is being observed, the Mie theory applies. The variations 
in this region are more complex than is shown. ; 

It would be convenient if one could use visual inspection to 
estimate the amount of material coming out of a chimney, for 
example, but a visual inspection will reflect only the presence of 
those particles in a comparatively narrow range of sizes. Unde- 
sirable gases may be present which contribute far more in mass 
than that which is observed. Small particles may grow to 
visible size owing to their hygroscopic properties under some con- 
ditions immediately on meeting the air, while under other condi- 
tions their growth might be retarded until dispersion left no 

isible plume. The emphasis on visual appearance by the public 
is understandable but it puts a premium on avoiding the ap- 
pearance of an evil without necessarily making any improvement. 


4 


LOG OF SCATTERING AREA IN cm?/GRAM 


- -4 a =? 
LOG OF RADIUS IN CM 


Fig. 3 Approximate light scattering effect of water drops 
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The cure of air pollution is difficult enough as it is without having 
energies diverted into possibly useless channels. 


One of the useful parameters of a particle is its diffusion con- 
stant. Diffusion is commonly a property associated with « gas, 
and the particles of an aerosol can be treated like a gas of high 
molecular weight and very low pressure. The exception is that, 
unlike a gas, the particles stick together if they collide with one 
another and stick to the walls of a container if they hit it. 

The particles are being bombarded continuously by air mole- 
cules, and have on the average the same energy as the gas 
molecules. ‘Their path in still air is a series of jumps in a per- 
fectly random fashion. The most probable distance (x) that such 
a particle would move in time (¢) is 


a? = 2Dt (3) 


where D is the diffusion constant. A more useful form gives the 
particles (n) per second crossing a plane in terms of the concen- 
tration gradient normal to the plane. 

dn dC 


= AD — 
dt dx 


(4) 
where A is the area of the plane and C is the concentration in 
particles per cc. An approximate expression for the value of D 
in air at normal temperatures is 
12 X 1073 9 X 10~6 
D = -—— 1+ - 


r a 


where, as before, r is the radius of the particle in em. 

When an aerosol is passed through a tube, there will be a diffu- 
sion of particles to the walls of the tube so that there will be frae- 
This fractional loss is a function of size 
The calculations 


tional loss in passage. 
and can be calculated for a single-sized aerosol. 
are most unwieldy but an approximation can be obtained by the 
following assumptions: The air flowing through the tube has a 
laminar flow and the velocity at the walls is zero. The air at the 
entrance of the tube has a uniform concentration of particles. 
At all points on the wall surface the concentration is zero—on the 
quite valid assumption that particles that hit the wall will stick 
there and become part of the wall. An average path of particles 
might, such as sketched in Fig. 4(b). The particles are carried 
axially by the air flow and move radially owing to the difference 
in concentration between the core and the walls. We assume, for 
purposes of calculation, that the particles in a differential cylinder 
move axially only with the air flow to a point where the diffusion 
forces would produce an equal flow of particles in a radial direc- 
tion, and that all those reach the walls. The concentration 
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Fig. 4 Average diffusion (b) of particles and 
(a) 


JOURNAL 


OF ENGINEERING FOR POWER 


. gradient is assumed to be uniform from this break-point to the 
- walls. The velocity near the tube walls 


The number of particles per second that enter the differential 
annular area is 


2r(R — h)CoU,dh 


This same number leaves the annulus over the length dx due to a 


If h is 


. ( 4 ’ 
concentration gradient : governed by Equation (4). 
t 


small compared with R 


Y 


¢ 
2nRCU dh = 2eRD . dx 


3rDx\"/3 
= 6 
h r( me (6) 


The fractional loss due to diffusion Fz is equal to the particles 
lost to the wall per second divided by the number entering per 
second 


’ 
0 


( 

9. 2 , 

27RD h i = P (2 a/, (7) 
zt=d0. 20 ‘ 


If at time ¢ = O the concentration is uniform throughout the 
tube, at a later time ¢ it is assumed that the concentration in- 
creases from zero at the wall in a linear fashion to the original 
concentration at a distance h from the walls. The loss in number 
during the time ¢ is half the original population in the annulus of 
which the gradient exists. The loss per second can be calculated 
by Equation (4). From these relations there results for the loss in 
the tube under static conditions 


_ %Dt)" 
7 


Q Co 


Fy’ (8) 
In spite of the approximations made, this value checks within 
25 per cent of the results obtained by a rigorous treatment [12]. 


Rate of Fall 


The determination of size by the settling velocity under the 
influence of gravity depends directly on the density of the par- 
ticles and this is rarely known. The limiting velocity in em per 
sec at normal pressures and temperatures is given by (for unit 
density) 


9x 10 ‘ (9) 


r 


U, = 1.2r? x 1 (1 4 


Table 1 Limiting velocities 


Radius of particle Limiting velocity 

rinem p = 1.0 
10-%cm....... 
a): 
10-5 cm.... 
10° em.... 


.1.2 em/see = 2.4 ft/min 

.0.012 em/see = 1.4 ft/hr 

.1.2 X 10-4 cm/sec = 1 ft/3 days 
...1 ft/month 


Equation (9) will apply to free air aerosols, of course. In Fig. 5 
are shown the trajectories of particles of various sizes and Table 1 
gives some limiting velocities. It can be appreciated from these 
figures why aerosols of any appreciable age have few particles 
greater than 2 X 10 cm as shown by Junge’s normal distribution. 
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Fig. 5 Trajectory of particles of various sizes in air 


Coagulation 


In « monodisperse aerosol, when two particles approach within 
a center-to-center distance of 27, they stick together and two 
particles become one. It has been shown that 


dC 
= 8rDrC? 
dt 
or at NPT 
dC 
dt 


9 x 107% 
+ 
r 


A useful concept of doubtful ancestry is the “time constant” 
of an aerosol; that is, the time to decay to zero if the instanta- 


= 3X 10 wer(1 


neous decay rate were maintained 


l 
(11) 


9 10 
3x wow (1 + = Je 
r 


Table 2 shows the variation in time constant with radius and 
concentration. Equation (11) can be used for size determination 


whenever coagulation is the major source of decay. 


Table 2 Time constant of aerosols 


C Radius in em——— —~ 
No./em? 5 xX 10°° 10-7 10-6 10-5 


108 15 0.33 3 15) 
107 33 30 150 

108 \ 33 300 1500 f 
198 0.042 0.092 0.83 , 
104 0 42 0.92 8.3 42 
103 42 9 2 83 420 


- Sees 


—_ 
pianee 


Electrical Aspects 


Some of the particles in the air carry an electrical charge and 
the electrical forces between charged particles can have a sub- 
stantial effect on coagulation rates. The older literature in par- 
ticular reports some rather confusing evidence on the existence of 
charged particles. The most important source of particles in the 
sizes smaller than 10~* em is the condensation of a vapor. Proba- 
bly most of these are born uncharged. If there is a luminous 
flame near their birthplace, they are likely to be charged by the 
ions in the flame or, if not then, a certain fraction will be charged 
in time by the ions produced by natural radiation. 

Natural radiation varies from place to place. There is a com- 
ponent due to cosmic rays which is substantially the same over 
both land and sea, and a component due to radioactive material 
in the earth, probably radon. This radiation knocks an electron 
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loose from an air molecule, leaving a positively charged molecule. 
The free electron is soon captured by another air molecule making 
a negatively charged molecule. Each of these charge! molecules 
picks up a cluster of other uncharged molecules—probably 

yater—resulting in a positive and negatively charged cluster of 
molecules known as a small-ion pair. Such small ions of the same 
sign of charge will not usually collide with one another because the 
electrical forces created on their mutual approach are greater 
than those due to thermal motion. Small ions of opposite sign 
collide more frequently than would be expected from their size 
and thermal motion. When there are 7 small ion pair per cm’, 
and no other particles 

di 


— = qi? (12) 
dt 

where @ is the recombination coefficient (analogous to A) for 
small ions. Its value is given as 1.6 X 1076 Equation (11) is 
the death rate of small ions in clean air. The birth rate may vary 
from place to place. Over land the value is often taken as 10 ion 
pair per cm® per sec av? = 10 ori = 2500 in clean air. 

These small ions have the same average kinetic energy as the 
air molecules */. K7’ or 6 X 107'4 ergs at normal temperature. 
If a particle is already charged, the work required to bring 
another charge to its surface would be e?/r where e is the elec- 
tronic charge 4.77 X 10~ statcoulombs. Whenr = 3.8 X 10°*, 
the two quantities are equal, and so all particles this size or smaller 
should carry no more than one charge. An approximation of the 
fraction of particles charged with either sign as derived from 
Junge’s theory is 


2 


. . 52x 10-6 
3+ 
: 


This indicates that when r = 5.2 X 10-* that F = '/. or !/2 the 
particles are charged in equilibrium—for an aerosol of uni- 
form size and which is singly charged. 

he fraction of charged particles is an easily determined 
parameter of an aerosol and is an indication of size of particles. 
The number of particles can be measured in their original state 
and then passed through a strong electrical field to remove the 
charged particles and measured again. There are several deriva- 
tions of the relation between size and the charged fraction and 
there are substantial differences between them. By varying the 
strength of field to remove successively particles of lower and 
lower mobilities, a distribution of mobilities can be obtained. 
Even if the exact function of size and mobility is somewhat dubi- 
ous, a parameter is obtained which can be useful in comparing 
two aerosols. 

Natural aerosol or new-born aerosols are sometimes not in 
equilibrium, An exposure to gamma radiation will bring about 
equilibrium quickly and is necessary in laboratory created aerosols 
in order to get consistent results. 

Under the same assumptions as Equation (13), the number of 
small ions at equilibrium can be obtained approximately by 


q at? + (Crt (14) 


Conclusion 


Practical methods are available to measure the number of 
particles in an aerosol in free air. Indexes of size can be obtained 
from the properties of coagulation, diffusion, mobility, and limit- 
ing rate of fall. The sizes so obtained are strictly true for a 
nondisperse aerosol only; for a mixture of sizes an apparent radius 
is obtained which may differ from the average geometric radius. 
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Problems of sampling and measuring aerosols under high 
temperature conditions have not been completely resolved. A 
wider use of the techniques already available for size and numbers 

-of an aerosol would not only throw light on some of the problems 
of air pollution but would certainly lead to further improvements 
in our knowledge of aerosols. 
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This paper has served to emphasize a factor in visual evalua- 
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tion of stack effluents that is commonly overlooked. That is 
the presence of high concentrations of particles which are too 
small to scatter appreciable amounts of light but are sufficient 
in size to serve as condensation points for nucleation of liquid 
droplets. The effect of these nuclei upon the general air pollution 
situation may be considerable. As these materials diffuse 
throughout an urban area and are subjected to changes in tem- 
perature and humidity, they can serve to collect water and soluble 
gases which may react to produce « very stable and noxious 
particle. 

It is my understanding that one of the objectives of this session 
was to evaluate the significance of stack plumes as an index of air 
pollution. Although the author has touched on this subject, a 
more thorough treatment would serve to emphasize the utility of 
visual measurements of stack plumes. . 

The visual evaluation of stack plumes for grayness or opacity 
can be done by most people after a few hours of instructions. 
To the best of my knowledge no one has related this Ringelmann 
number to any other measure of air pollution. This is probably 
due to the fact that visual measurements are not necessarily re- 
lated to total weight of material in the plume. The factors af- 
fecting the Ringelmann measurement are many: Particle size, 
physical properties of the particles, angle of illumination, level of 
illumination, angle of viewing, contrast of plume with the back- 
ground, diameter of the stack, and velocity of discharge, all have 
an influence on the relationship between the Ringelmann number 
and the amount of particulate matter discharged. 

If there were a hypothetical area which was polluted with but 
one stack discharging a material of constant physical properties 
at a given velocity, and this were the only source of pollution, it 
seems likely that some relationship of general pollution level and 
Ringelmann number could be obtained. Since such a case is not 
likely to be encountered in practice we must resort to a system of 
averages of visual measurements and relate this to other means of 
pollution measurement. 

As a test of the relationship between the level of air pollution as 
measured by dustfall gages and the amount of visual discharge, 
the 1953 smoke observation reports for the City of Chicago were 
examined. These results are shown in Fig. 6. It may be noted 
that there appears to be a general trend in that when the smoke 

3 These results are a portion of a study sponsored by Midwest Air 
Pollution Prevention Association and reported at their Annual 
Meeting, November 9, 1954. 
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Fig. 6 Dustfall and smoke units by month 
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increases the dustfall increases and vice versa. These data are 
representative of the 10,000 smoke reports in the files of the Chi- 
cago Department of Air Pollution Control for the year 1953. 
This is presented as a possible trend only since many factors ap- 
pear to influence both dustfall and Ringelmann readings. 

In conclusion it should be noted that visual methods of as- 
sessing individual stacks as sources of air pollution are convenient, 
inexpensive, and probably worthy of continued use. They are not 
a basic scientific measure with absolute units and should be 
placed in their proper position in the array of  air-pollution 
measurement instruments, 


A. J. HAAGEN-SMIT* 


For those living in the coastal area of Los Angeles it isa common 
sight to see pollution clouds blown out to sea during the night. 
These clouds extend quite far as has been measured by State 
and Federal agencies, and high oxidant values characteristic of 
Los Angeles smog can be found as far as Catalina and San 
Clemente Islands 20 and 50 miles off the coast. larly in the 
morning this cloud comes back as a sea fog, usually crossing the 
coastline somewhere near Venice and Playa del Rey. During 
that time, one can measure high oxidant values and oxides 
of nitrogen and sulfur while the wind is coming from the direction 
of the sea 

Using the author’s nuclei counter we found a remarkable change 
in the number of condensation nuclei as soon as the polluted sea 
fog came rolling in. Early morning and night counts were usually 
high but as soon as the visibility started to decrease the counts 
dropped from as high as 100,000 to 10,000 per ce. I suppose that 
the condensation had removed a large amount of the nuclei. 

I thought this was a good illustration of the fact that visibility 
has only an indirect connection with the nuclei count. There 
seems to be some misunderstanding about this and some people 
seem to think that the counters can be used as an objective meas- 
urement of haze. Would you clarify this point for us? 

Plume formation from stack gases as well as formation of smog 
clouds due to chemical reactions start on a nucleus. The study 
of the initiation of the condensation reaction is therefore of great 
importance, especially to those interested in air-pollution prob- 
I hope that the author will clarify some points of prac- 
tical interest. Is it feasible to reduce, for example, a plume from 
a boiler stack by reducing the number of nuclei or are there 
also so many that such a procedure would be hopeless? The 
reverse of this procedure would be to add so many nuclei that the 


lems 


condensed water droplets become so small that there is no scat- 
tering of the light. In other words, would addition of large num- 


bers of nuclei make the plume disappear? 


VINCENT J. SCHAEFER® 


\ proper understanding of the appearance and behavior of 


* Professor of Biochemistry, California Institute of Technology, 
Pasadena, Calif. 

5 Director of Research, The Munitalp Foundation, Inc., Schenec- 
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stack plumes is primarily dependent on the formation of nuclei 
from condensed gases, liquids, and solids, their growth within 
the stack, and the behavior beyond its top. The visible appear- 
ance of the stack plume is dependent on many complicated 
some physical, some chemical, and interactions between 
them. The meteorological environment through which the plume 
moves determines some of these characteristics. The degree of 
stability in the air, its moisture content, and the number of con- 
densation nuclei it contains are also of considerable importance. 
The position of the sun, the presence of high cloudiness, the degree 
of contrast between the plume, its surroundings, and the size and 
color of the individual smoke particles are all features which 
determine the appearance of stack plumes. 

This paper is of much significance since it is concerned with the 
establishment of a better understanding of the fundamental na- 
ture of particles and their growth in an effluent, from its vapor 
state to the more or less stable liquid and solid aerosol particles, 
which emerge from the stack to form a plume. Until much more 
work of a similar nature is carried out, we will be confronted with 
ambiguous terms, poorly understood interrelationships and per- 
plexing, confusing phenomena. 

It is obvious that, until we have a better knowledge of the role 
played by individual particles and their growth while moving 
along a hot air stream both within and without a stack, much 
frustration is likely to result in our effort to understand what we 
see and try to measure. Basic studies of the sort touched upon 
by Rich’s paper, presented in simple and intelligible language, is 
one of the most important needs in air pollution studies. It is to 
be hoped that much more work along this line will be undertaken. 


factors 


AUTHOR'S CLOSURE 


Neither the visibility of a plume nor the particulate count 
is a reliable index of the mass of material in it. Dr. Haagen- 
Smit’s report on fogs brings out this point. Mr. Fochtman 
suggests that a more thorough treatment would emphasize the 
utility of visual measurement of stack plumes. The visual 
method is justified to pick up cases of inefficient combustion and 
gross pollution, but the value of visual methods alone in cases 
of efficient combustion is decidedly dubious. The visibility 
of light colored plume which is mainly water has little or no 
relation to the pollution contribution. 

The Ringelmann number is the result of a complex of effects 
as is the level of pollution. If enough observations are averaged 
it may be possible to express one in terms of the other as sug- 
gested, but it does not follow that any single visual observation 
can be interpreted in terms of such an average. 

Dr. Haagen-Smit’s question on the practicality of removing 
nuclei or overseeding with nuclei is appropriate. The answer 
is probably both yes and no; with efficient combustion there 
are some stack conditions where the visibility of the plume 
might be reduced by nuclei control, but it would not be univer- 
sally applicable. The visibility of the plume might be changed, 
but it would not reduce the total discharge, 
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Stage Performance and Radial Matching 


JEFFREY WATKINS 


Chief Analytical Engineer, Solar 
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of ‘Axial Compressor Blade Rows 


To obtain the ultimate in performance from an axial compressor stage it is necessary 
that the operation of the blade rows comprising the stage be thoroughly understood. 


A ppreciable advances have been accomplished in recent years, but much still remains to 


be done. 


This paper aims to present practical hypotheses concerning the nature of the 


flow between the blades and deals with design techniques in relation to this flow. 
In addition, some elements of two-dimensional cascade data and a discourse on 
practical secondary flows are presented. 


I. THE EARLY DAYS of the employment of axial 
compressors in gas turbines, average stage pressure ratios no 
greater than 1.150 were utilized. For aircraft applications it was 
of prime importance, however, to reduce the weight and size of 
the engine, and so it was necessary to raise the attainable stage 
pressure ratios and, at the same time, obtain higher through flows 
per unit of frontal area. This was made possible by not only an 
improved understanding of the axial matching of the compressor 
stages, but also by more effective radial matching of the stationary 
and rotating blade rows comprising the stage. 

The advent of the transonic compressor at least proved that 
rotors could be designed to operate quite efficiently at these 
Mach numbers, providing careful attention was paid to the de- 
tails of the design. Possibly the greatest virtue of this type of 
compressor is that it enables the middle and rear stages of a 
multistage machine to be designed to produce much _ higher 
pressure ratios without overloading, and without the necessity 
of increasing the diameter. Such compressors are operating to- 

Contributed by the Gas Turbine Power Division and presented 
at the Semi-Annual Meeting, Detroit, Mich., June 15--19, 1958, of 
THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
February 25, 1958. Paper No. 58—SA-21. 


day quite efficiently [85 per cent isentropic efficiency (7) or there- 
abouts at design point] with mean stage pressure ratios of 1.250 
and flows per unit of frontal area of 30 lb/sec/sq ft or more. 
Single stage transonic units producing pressure ratios up to 
1.800 are also being used today for small shaft engine applica- 
tions, requiring relatively low flows per unit of frontal area. 

These advances have been made possible by an improved 
understanding of the mechanics of compressor stage operation, 
but much still remains to be accomplished in this field. 


Two-Dimensional Cascade Performance 


In the past, considerable effort has been spent in an endeavor 
to evolve forms of camber line and airfoil base profiles to satisfy 
flow conditions encountered by existing machines, or those 
deemed to be desirable in the general development of axial com- 
pressors. It was logical to believe that changing the position of 
maximum thickness of the base profile, and the position of maxi- 
mum camber with respect to chord, in addition to changing the 
base ordinates of the airfoil profile, would alter the performance 
of the cascade with respect to Mach number and aerodynamic 
loading. 

However, in this country it has been the practice to utilize the 
NACA 65 base profile almost exclusively, this having essentially 
a modified circular are camber line with the position of maximum 
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thickness at 40 per cent of the chord. In Britain the procedure 
has been to use a base profile derived from the old RAF section 
with the position of maximum thickness varying between 30 and 
40 per cent of the chord and having a true circular arc camber 
line. Cascade tests have shown appreciable performance changes 
with variation in base profile and camber line geometry, but these 
changes have been somewhat obscured when incorporated in a 
compressor. With the advent of transonic and supersonic com- 
pressors, base profile and camber line geometry become more 
important. Some successful transonic compressors have been 
built using basic double circular are type base profiles on a circular 
are camber line. 

Fig. 1 shows the two-dimensional performance of a cascade of 
airfoils operating at varying incidence and Mach number. The 
maximum lift/drag ratio occurs at an incidence dependent, at any 
Mach number, on the aerodynamic loading and the combination 
of camber and solidity necessary to achieve this loading. As the 
Mach number is increased, the incidence for maximum lift/drag 
ratio changes, being dependent on the cascade base profile, the 
shape of the mean camber line, and the nose radius, 

Thick nose airfoils having circular arc mean camber lines dem- 
onstrate a tendency for the incidence at which maximum lift/ 
drag ratio is obtained to increase with Mach number when the 
samber and solidity are high, e.g., in rotor blade hub sections. 
At low cambers and solidities, the maximum lift/drag incidence 
reduces slightly with increasing Mach number. The _ inci- 
dence giving maximum lift/drag for thin nose airfoil tends to 
increase for all cambers and solidities. The useful range of the 
airfoil is governed by the ratio of surface velocity to inlet flow 
velocity, which in turn defines the surface pressure gradients 
and hence the stall and choke characteristics of the airfoil. At 
high Mach numbers the effective range of the airfoil will be re- 
duced. As the Mach number is increased, at a fixed incidence, 
the static pressure rise across a cascade, expressed as 


A 
Plo 


pV? 
where 

p = inlet density 
and V; = inlet absolute velocity 
either remains constant or increases slightly until a critical value 
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Cascade characteristics—effect of changing position of maximum camber 


1 : : 
M, is reached after which ap/3 p V,? falls until a maximum flow 


is reached. As the incidence is increased (mass flow reduced), 
at a constant Mach number, the ratio of blade throat area to inlet 
flow area increases, which reduces the velocity at the throat of the 
cascade, and so lowers the drag. 

It is preferable to base critical Mach number on drag coefficient 
rather than on a static pressure rise basis. Sometimes with the 


: 1 
higher values of ratio of throat area to inlet flow area Ap 2 pV? 


tends to remain constant with increasing Mach number appar- 
ently suggesting a high value of critical Mach number. This 


, 1 , 
may not necessarily be the case as Ap 2 pV,? would conceivably 


increase if there were not attendant critical effects over that. re- 
gion. The critical Mach number is taken for convenience to be 
the inlet Mach number at which, for any incidence, the drag 
coefficient has increased to twice the minimum value. Fig. 2 
illustrates a typical polar diagram derived from two-dimensional 
cascade results to show the envelope of Mach number and air inlet 
angle bounding the region of efficient operation. At low inci- 
dences and Mach number, negative stall, i.e., flow breakaway 
from the pressure surface of the airfoil, will precede the true chok- 
ing condition. 

Some work has been completed and reported by Carter [1]! on 
the effect on cascade performance of changing the position of 
maximum camber of the airfoil. Tests were carried out on a 
series of aerodynamically equivalent cascades of parabolic are 
mean camber lines, varying between maximum camber at 30 per 
cent chord to 60 per cent chord. In addition, these blades were 
compared with an equivalent circular are camber line. The 
following conclusions were reached: 


a Moving the position of maximum camber forward gives a 
wider working range and a higher choking mass flow. 

b Moving the position of maximum camber back gives a 
higher work capacity and a higher drag critical Mach number. 

c There is little doubt that for use in conventional compres- 
sors, blades having their position of maximum camber at 50 per 
cent of the chord from the leading edge give the best all around 
combination of working range and good high-speed performance, 
provided adequate throat area can be maintained. It is possible 


1 Numbers in brackets designate References at end of paper. 
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that blades having their position of maximum camber at greater 
than 50 per cent of the chord would be advantageous for high 
Mach number operation. 


Fig. 3 summarizes the performance differences resulting from 
this change in maximum camber. An important feature is the 
reduction in optimum incidence as the position of maximum 
camber is brought forward, which factor coincides with a reduction 
in work capacity, and increase in choking mass flow. It is de- 
batable whether an improvement in part load operation could be 
obtained by using blades of this type in the rear stages of an axial 
compressor. The lower work capacity of the section would neces- 
sitate the use of more stages, and the wide working range is not 
so pronounced at high Mach numbers due to shock stall. 

At high speeds the main criteria of performance are the drag 
critical Mach number and the maximum Mach number. Fig. 3 
shows that the former decreases steadily as the position of maxi- 
mum camber is brought forward, due to the attainment of higher 
suction surface velocities at a fixed inlet velocity. It is desirable 
on this account to have the position of maximum camber as far 
back as possible. 

Effect of Airfoil Nose Radius 

Airfoil nose radius has an appreciable effect on cascade per- 
formance. It was previously mentioned that thick nose air- 
foils having high camber and solidity operate more efficiently at 
higher incidence as inlet Mach number is increased. Higher suc- 
tion surface velocities occur for a given camber and solidity when 
the nose radius is large, and the increased incidence necessitates 
reduced stagger, which increases the throat area of the cascade 
and so lowers the acceleration in the passage. For the case of 
typical thick nose sections having low camber and solidity in 
conjunction with high stagger, such as at the rotor tip, the tend- 
ency is for highest efficiency to occur at slightly lower incidences 
as the Mach number is increased. In this case the higher suction 
surface velocity nullifies the increase in throat area at reduced 
stagger, necessitating some increase in blade inlet angle to mini- 
mize this surface velocity. 
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Fig. 3 Cascade characteristics conditions at working point for various 
positions of maximum camber 
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The acceleration around the leading edge of thin nose airfoils 
is less than for corresponding thick nose sections, and the tend- 
ency is for higher lift/drag ratios to be obtained at increased inci- 
dences at high Mach numbers. Similarly, it is feasible to expect 
that the high-camber high-solidity cascades would function in a 
like manner. This type of cascade, normally used for rotor hub 
sections, is seldom required to operate at high inlet Mach num- 
bers, and the main concern of the designer is to obtain a section 
having sufficient throat area to pass the design flow efficiently. 
In this respect a relatively high incidence can be employed with- 
out fear of positive stall due to the large useful operating range 
at low Mach numbers. For conventionally loaded blades there 
should be no great concern reg; ing inferior part load operation 
with hub sections operated at. a design incidence, due to the 


‘inherent range increase with blades of high solidity and low 


stagger. 

At Mach numbers lower than critical it appears that the range 
of incidence from choke to stall is greater with the thick nose air- 
foil, due to the suction surface peak velocity occurring nearer to 
the leading edge. This reduces the suction surface pressure gra- 
dient and permits more stable operation at higher incidences. 


Nominal Conditions 


It is convenient for the designer to be able to utilize curves of 
turning angle and incidence plotted for a range of cascade geome- 
tries. Because of the difficulty of selecting the incidence and 
turning angle to give maximum lift/drag ratio, it is useful to 
utilize nominal conditions which correspond to the turning angle 
and associated incidence at 0.8 stalling turning angle, €* = 0.86. 
Reasonably accurate nominal rules for thick nose circular are 
airfoil sections having a thickness/chord ratio of 10 per cent are: 
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5* = (0.42 + 0.004 ay*)e*S/C 


where 
nominal incidence 
6* = nominal deviation 
nominal turning 
a,* = nominal outlet air angle 
S/C = pitch/chord ratio 


It is of greater value to define the nominal conditions as those 
producing 80 per cent of the maximum static pressure rise at a 
constant axial velocity ratio across the blade row. If the outlet 
axial velocity falls relative to that at the cascade inlet, the nomi- 
nal incidence will fall, and simultaneously there will be an increase 
in the deviation and therefore in air outlet angle. Reducing 
axial velocity across the cascade increases the airfoil aerodynamic 
loading and causes stall to occur at a lower incidence. The re- 
vised nominal conditions shown in Fig. 4 allow for this effect. 

It is necessary for the designer to know also the variation in 
optimum incidence and turning with Mach number. He should 


be able to evaluate the critical Mach number for any cascade 
geometry, in order to choose the most desirable design conditions. 


Cascades in Three Dimensions 


A knowledge of two-dimensional flow over a cascade of airfoils 
is not sufficient to determine fully the performance of the air- 
foil when operating either in a static or a rotating blade row in 
an axial compressor. However, many designers rely on two-di- 
mensional data to select the blade profile and blade setting angles 
of the rotors and stators with very good results. The tendency 
in axial compressors is for flow discrepancies to be rectified by 
the self compensating nature of the flow. 

In a static or rotating blade row, the boundary layer on the end 
walls and on the blade surfaces themselves will modify the ideal 
two-dimensional flow, and, in addition, will induce radial flows 
with the formation of vortexes and attendant higher losses. To 
allow for these complex flows the designer has for convenience 
used empirical factors to modify (a) the work requirement from 
the stage or (b) the annulus area necessary for a certain mean 
velocity or (c) the radial efficiency distribution, and so on. 

Compressors today have more stringent requirements concern- 
ing flow per unit of frontal area and work output per stage, in 
addition to the need for light weight. Considerable advances 
have been made in recent years by a more thorough knowledge 
of flow patterns in the machine. 

To bring about appreciable reduction in the secondary losses 
would appear to be an impossible task, and the best one can do is 
endeavor to maintain the existing losses with the higher aerody- 
namic loadings necessary today. 

Stator Secondary Flows 

To analyze secondary flows even in nonrotary blade rows is not 
an easy task. However, some conclusions can be obtained by 
considering the adjacent blades to be the bounding walls of a 
curved channel. 

A pressure gradient, will exist across the passage from the suc- 
tion to the pressure surface which, in the main stream, will balance 
the centrifugal force exerted on particles of fluid describing the 
The pressure will be greatest on the outer wall (pressure 
Owing to 


path. 
surface) and least on the inner wall (suction surface). 
the boundary layer on the annulus walls, the fluid in their neigh- 
borhood will have less velocity, and so will require a smaller 
pressure gradient to sustain equilibrium. The pressure gradient, 
however, will not be changed by the existence of the boundary 
layer, and an out-of-balance condition will exist, resulting in a 
crossflow from the pressure surface of one airfoil to the suction 


surface of the adjacent airfoil. This crossflow will occur at both 
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end walls in the case of shrouded stator blades. It is significant 
that from a correlation of limited available stator deviation data, 
the reduction in deviation which should result at the outer wall 
from the secondary flows described above was not apparent. In 
fact, the data indicated that appreciably increased deviation 
existed at the stator outer diameter, and some reduction at the 
inside diameter. 

Because of the finite length of the blade, axisymmetric entropy 
variations and of nonuniform inlet flow conditions, vortexes will 
exist immediately downstream of the trailing edge. The vor- 
ticity will be concentrated chiefly near the ends of the blades, and 
being unstable will roll up into two trailing vortexes, and their 
presence will be indicated by cores of high loss in traverses taken 
downstream of the blade. 

In the case of cantilever stators where relative motion exists 
between the blade and the inner end wall the scraping flow on the 
pressure surface replaces the tip clearance vortex by a less well 
defined roll-up near the pressure surface. The scraping minimizes 
the possibility of fiow occuring from the pressure surface into the 
clearance region. Carter [1] suggests that the induced incidence 
at the blade mid-span resulting from the existence of the trailing 
vortexes can be evaluated approximately by 
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h’ = distance between the vortexes (cores of loss) 


where 


and 
h = span of blade 
In like manner the induced drag can be represented by 
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The distance h’ may be measured experimentally as the digtance 
between the peaks of high loss. 


Rotor Secondary Flows 


Although measurements behind rotating cascades have shown 
incidences and deviations at design to agree closely with those 
predicted from two-dimensional cascade tests, it is expected that 
the secondary flows existing within the rotor blades would be 
appreciably different from those in the stator. These differences 
are due to the centrifuging action of low energy regions in the 
hub casing boundary layer and on the blades themselves. It is 
likely that the induced secondary flows near the rotor hubs with 
santilever stators (moving inner wall) would not be the same as 
with shrouded stators where the hub casing boundary layer is 
constantly interrupted. 

Pressure readings behind moving blade rows, measured by 
rotating rakes, have indicated the nature of rotor secondary 
flows at low speeds. At high speeds the hot wire anemometer 
has been a useful tool to indicate low flow regions. 

At the hub of the rotor at low speeds, high loss regions exist 
near the suction surface of the blades, and as the angle of inci- 
dence is increased the region extends to engulf the wake of the 
blade. This crossflow is similar to that exhibited by station- 
ary blades, and is caused by the hub casing boundary layers. 
The retarded region is not greatly discernible at blade sections 
other than the hub. 

The blade mean section measured loss profile is not much 
different from that of the equivalent two-dimensional cascade, 
except at high angles of attack when the wake widens appre- 
ciably on the suction surface possibly due to centrifuging of the 
separated inboard blade section boundary layer, along the low 
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pressure surface. This phenomenon has been observed by Ruden 
[3] and Weske [4]. 

Near the blade tip, loss regions exist from the viscous interac- 
tion effect of the blade and the casing boundary layer. These 
loss regions are manifest, in addition to the blade wake, near the 
pressure surface. This is in contradistinction to conditions exist- 
ing at the hub, where the high loss region moves toward the suc- 
tion surface by the action of the cross blade pressure gradient. 
At the tip the pressure gradient is apparently overcome by vis- 
cous effect. As the incidence angle is increased, the blade wake 
widens and spreads toward the center of the passage. 

In the case of shrouded stators where alternate rotating and 
stationary shrouds exist, at the blade root, the hub casing bound- 
ary layer is constantly parted, which implies that a greater force 
is needed to turn the boundary layer than in the case of cantilever 
stators. The controversy of shrouded versus cantilever stators 
has existed for some time without any definite conclusion as to the 
relative merits of one over the other. British practice has been 
to utilize cantilever stators in all stages except the first three or 
four. It is of interest that a compressor originally containing 
cantilever stators throughout except for stages 1 to 4 when modi- 
fied to include shrouded vanes in stages 5, 6, and 7 in addition, 
showed a marked decrease in surge pressure ratio in the middle 
and low speed range, characterized by a distinct region of dis- 
continuity. 

Fig. 5 shows the over-all pressure loss compared with the 
equivalent two-dimensional cascade loss at different radii for an 
intermediate and for a high incidence angle. It will be observed 
that at the lower incidence angle the hub wake has been partially 
centrifuged, while at the higher incidence it has been centrifuged 
to such an extent as to raise the loss over that of the cascade at 
all radii. 

At high speeds, hot wire anemometers have indicated a some- 
what different three-dimensional picture. The conventional 
blade wakes have been observed at radial positions near the mid- 
span of the blade. At sections close to the tip, however, a region 
of high loss has been shown to exist in addition to that contrib- 
uted by the wake, and considerably larger in magnitude than 
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the scraping loss observed at low speeds. At operating condi- 
tions near choke, the region of loss lies close to the suction surface 
of the blade, but as the incidence angle is increased toward stall 
the loss region increases in magnitude and extends into the space 
between the bl«de rows, and, close to stall, exhibits pronounced 
instability. No indication of the high loss region near the pres- 
sure surface was apparent as in the rota ting pressure rake tests at 
low speeds. The reason for this high loss has not been satisfacto- 
rily resolved. Whether it is the result of interaction between the 
centrifuged blade boundary layer and the tip clearance vortex, 
or « combined Mach number aerodynamic loading effect, is un- 
certain. It is fairly clear, however, that the magnitude of the 
loss is reduced as the loading and Mach number are lowered, and 
this, to the designer, is all important. 


Radial Matching of Blade Elements 


It is of prime importance to the designer of axial compressors 
to know how much he can rely on simple two-dimensional cascade 
performance, and the modifications, if any, he has to introduce to 
arrive at a satisfactory blade solution in three dimensions. Some 
knowledge of secondary flows is an advantage, but basically he 
only needs to know (a) how these affect the two-dimensional 
performance and (6) when they commence to become the major 
comtribution to the over-all losses, 

It is likely that as the aerodynamic loading of the blade is in- 
creased, the secondary losses become a greater percentage of the 
whole. In other words, once a certain limit of two-dimensional 
loading has been reached, further loading will increase the second- 
ary losses at a greater rate than the profile loss. This is borne out 
by the work on transonic compressors, when stage loading has 
been raised simultaneously with inlet Mach number. The in- 
crease in secondary loss described previously, at the rotor tip, 
appears to grow out of proportion to the blade wake loss. 

There is little doubt, however, that the profile and the second- 
ary losses will advance together, the latter being chiefly the result 
of interaction of the boundary layer on the annulus walls and 
blades, and the static pressure gradient between two adjac- 
ent blades. 

It is imperative that the designer should know when to expect 
the two-dimensional and three-dimensional losses to increase dis- 
proportionately, but it is equally important that he should know 
how to match the stages both axially and radially to achieve 
satisfactory performance over the whole speed range. It is true 
that, if he designs his blade rows to be too heavily loaded, or if he 
lays out inadequate sections for the Mach number at which they 
are to operate, he will obtain a low level of efficiency at high 
speeds. If, on the other hand, he correctly loads his blade rows 
but matches them incorrectly, he may obtain a low level of effi- 
ciency at all speeds. 


Radial Variation of Tangential Velocity 

Successful compressors have been designed over a wide range 
of vortex types, from free-vortex to constant reaction. Early 
compressor designs tended toward the free-vortex principle; 
however, because of the then existing limitation on entry Mach 
number of 0.8 to 0.85, which was no doubt necessary with the 
thick-nosed sections employed at the time, the trend swung 
toward the reaction type. This was desirable to obtain higher 
stage pressure rise, in addition to increasing the flow per unit of 
frontal area. At this period the first stage rotor hub was the 
limiting section, and, with the tip Mach number fixed at the afore- 
mentioned value, a stage pressure rise was chosen so that the 
hub operated at just below its critical Mach number. Figs. 6 
through 9 show the radial variation of rotor inlet Mach number 
and air turning angle for blades of different vortex type, satisfy- 
ing the principle of simple radial equilibrium. It is seen that the 
major differences in angle occur on the stator and at the hub of 
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the rotor. It is obvious that, when radial equilibrium is con- 
sidered, vortex type in itself is not a major design criterion, and 
should be subordinated to the achievement of satisfactory aero- 
dynamic blade sections with representative flow conditions at 
the design point. Even a combination vortex type will perform 
satisfactorily if loading criteria, operating incidence, Mach num- 
ber limitations, and other design factors are carefully observed. 
Most early designs were based on the concept of radially con- 
stant axial velocity and enthalpy rise, although the condition of 
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radial equilibrium suggested that considerable gradients of axial 
velocity should exist. Detailed flow traverses confirmed that ve- 
locity gradients did in fact exist, and that they approximated 
the simple radial equilibrium rule when an allowance was made 
for stream tube curvature. Fig. 10 shows the radial velocity 
variation based upon flow measurements at exit of a typical com- 
pressor first stage rotor which had been designed on reaction 
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Fig. 10 Measured axial velocity at exit of a first stage rotor 


principles but with the assumption of radially constant axial 
velocity. 

It is evident that such a rotor blade would operate with higher 
than design flow incidence at its tip section, and lower incidence 
at the hub. This would result in the establishment of a radial 
gradient of enthalpy rise—a higher value occurring at the tip, 
which would operate nearer to stall at design, and the converse 
at the hub. The enthalpy gradient would have the effect of 
straightening the velocity profile from that necessary for radial 
equilibrium with design enthalpy rise. However, the following 
stator blade would stili experience a higher than design inci- 
dence at its outside diameter, and vice versa at the inside 
diameter. This process would be repeated in the succeeding 
stages until the flow finally settled to a steady condition where 
constant enthalpy rise would be obtained at all radii. With 
blades of low hub-tip radius ratio, impaired stage operating 
range would, no doubt, result. 

Recently, high performance machines have been designed to 
satisfy the condition of simple radial equilibrium with some em- 
pirical correction allowing for stream curvature. Also a num- 
ber of very successful transonic compressors have been designed 
which incorporate the principle of free-vortex flow. In this case 
the rotor tip entry Mach number was raised into the transonic 
regime and the blade tip loading was minimized by employing 
free-vortex tangential velocity distributions. Higher blade pe- 
ripheral speeds were employed, which partially offset the original 
free-vortex requirement of higher rotor hub turning angles for a 
given temperature rise. In addition the higher blade tip speeds 
enable more work to be obtained from the intermediate and rear 
stages where the design point Mach number is not so critical. 
In the case of the first rotor a transonic Mach number can be 
employed without the rotor mean effective Mach number be- 
coming excessive. It has been established that transonic com- 
pressors can be very efficient, but most designs exhibit the tend- 
ency to lose efficiency very rapidly once the tip inlet Mach num- 
ber has exceeded unity. This is not always the case, however, 
as some machines have produced high efficiencies which show 
no sign of deterioration until speeds in excess of design are 
reached. 

Total pressure ratios of around 1.800 can be obtained with 
over-all isentropic efficiencies of the order of 83 per cent in rela- 
tively high hub to tip radius ratio single stages, with rotor inlet 
relative Mach numbers of 1.35 or thereabouts. To achieve this 
performance the aerodynamic loading of the rotor blades must be 


JOURNAL 


OF ENGINEERING FOR POWER 


limited by a satisfactory selection of area ratio across the blade 
row, combined with the necessity to restrict the stator entry 
Mach number to a maximum of 0.8. 


Stage Performance 


The performance of a compressor stage may be represented as 
shown in reference [4] by the pressure function 
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total temperature at stage inlet: 
isentropic total enthalpy rise 
stage total pressure ratio 

ratio of specific heats 
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and 

@ = V,/U or flow coefficient 

where 
Va 


U 


= axial velocity at rotor entry 
blade peripheral speed 


Much use has been made in the past of this method of present- 
ing the stage performance, and a great deal of successful develop- 
ment has been based on the method, which necessitates knowing 
only the stage static pressures at the various running conditions 

There is little doubt that the appearance of the stage character- 
istics is greatly influenced by the blade geometry at all radii, and 
is not merely a function of that at the mean section. Design 
section characteristics based on cascade results for a typical mod- 
erately loaded, fairly high hub-to-tip ratio compressor stage at 
the tip, mean, and hub are shown in Fig. 11. It is seen that the 
tip section possesses a somewhat more peaked characteristic, 
compared to that at the hub which is relatively flat. This is due 
to the nature of the velocity triangles. At the tip, where the 
blade speed is high and tangential velocity difference small, 
changes in axial velocity result in marked differences in the ratio 
of AV0/U (work coefficient) whereas, at the hub, little change in 
this factor results from varying the axial velocity. For highly 
loaded hub sections where the relative leaving angle from the rotor 
is in the direction of rotation, the work coefficient will diminish 
as the axial velocity is lowered. The range of the characteristic, 
from the peak pressure stalling value to choke, is dependent on 
section aerodynamic loading and operating Mach number rela- 
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tive to the section critical value. Hence at high stage pressure 
ratio, the range of the tip section on a velocity basis will be re- 
duced relative to that at the hub when reaction blading is em- 
ployed instead of free-vortex. 

The matching of the radial blade elements is of prime impor- 
tance in the appearance of the stage characteristic and, under 
ideal flow conditions, this is no great problem. In an actual ma- 
chine, however, the flow is far from ideal; wake fluctuations, 
boundary layers, and the attendant three-dimensional flows 
make the problem more complex. 

The reduction in velocity due to casing boundary layer is quite 
critical at the blade tips and in many instances effective stalling 
exists even at the design condition. Large pressure losses occur, 
but the blade section enthalpy rise increases, raising the tempera- 
ture and stabilizing the flow. 

To allow for the loss in pressure, compressor designers use 
either a workdone factor in the Euler equation or an empirical 
flow factor in the computation of annulus area. Both methods 
have produced extremely successful designs. 

Some attempts have been made to design compressor stages for 
Re- 
designing blades based on measured profiles has resulted in little 
success. The difficulty is largely due to the influence of the 
energy gradient in stabilizing the flow, and unless the redesigned 
blade can be made to produce the original radial energy variation, 
the velocity profile will change and bear no resemblance to the one 
In this 


velocity profiles based on computations or measurement. 


originally measured and used as a basis of redesign. 
case the matching could feasibly be impaired. 

Some work has been done in an effort to compute the velocity 
profile by the substitution of an entropy term in the radial equi- 
librium equation. This effectively produces the expected velocity 
profile, if the pressure losses are known. 

A philosophy of considerable merit is to design the controversial 
end sections to give the same enthalpy rise as the rest of the blade 
with the velocity gradient necessary for corrected simple radial 
equilibrium, but with incidences appreciably smaller than opti- 


mum for the section. The reduction of incidence would be deter- 
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mined by the velocity profile to be expected in the boundary re- 
gions. It has been established that the simple turbulent pipe 
flow law of von Karman satisfactorily defines the velocity gra- 
dient in the annulus boundary layer of an axial compressor at 
the condition of steady state. 


(8) 


where 
= velocity in the boundary layer 
Vi, = velocity at maximum displacement of boundary layer 
y = boundary layer radial displacement 
yt = boundary layer maximum radial displacement 


In the early stages the boundary layer is not fully developed, and 
this simple law cannot define it with any accuracy. The ade- 
quacy of the constant enthalpy pipe flow formula after stabiliza- 
tion apparently derives from the inherent tendency of the blades 
to produce enthalpy gradients which counterbalance the natural 
velocity reduction associated with blade end pressure losses. 

Designing the blade ends in this manner allows the sections to 
operate at lower incidence even with the reduced velocity, and 
still produce the necessary enthalpy rise for stable flow. Fig. 12 
shows the relative matching of the hub, mean, and tip of the rotor 
blade to achieve this effect. 

It is emphasized that for highly loaded blades the range of the 
tip section becomes relatively small and peaked, and large changes 
in design incidence would be needed to counteract the boundary 
laver velocity gradient. This may necessitate a considerable 
increase in camber and/or stagger at the tip, with an attendant 
reduction in flow area between the blades. In this case radial 
inflow may occur, particularly in the stators, where the camber 
at the outside diameter is already high, and a further increase 
may result in a relatively large reduction in throat width tending 
to offset the improved effect of incidence. 

This method of matching has been used with considerable 
success, and has resulted in the production of smooth-stalling 
single-value stage characteristics. 

The Stage Characteristic as a Function of the Rotor Radial Elements 

As the mean flow coefficient is increased, radial enthalpy gra- 
dients are set up inducing outward radial flows which tend to 
delay the onset of tip stall beyond that indicated by two-dimen- 
sional cascade data for the same local incidence. The outflow 
effectively reduces the angle of incidence and changes the flow 
path across the tip section, both factors reducing the tip aero- 
dynamic loading. 
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The stalling mechanism has been covered by numerous authori- 
ties, and the blockage theory of Marble [5] appears to describe 
the phenomenon adequately. Reduction of the mean flow co- 
efficient will induce the formation of stall zones at the radial 
location which possesses the highest local stalling flow coefficient. 
Stall zones have been seen to appear first at both hub and tip. 
In most conventional correctly loaded, well matched stages, 
however, they occur first at the tip, even when the stage has been 
designed on the reduced incidence principle described previously. 
Additional stall zones will appear as the mean flow coefficient is 
further reduced until the air flow can no longer negotiate the cir- 
cumferential obstruction, and will flow radially inward on enter- 
ing the blade passage, causing an increased flow across the mid- 
span of the blade. This results in the mean section operating 
effectively at a locally increased flow coefficient, and hence a re- 
duced pressure rise will occur. The reduced flow through the tip 
section will further increase the local incidence, adding to the 
lowering of the pressure ratio. The net result is a tendency for the 
stage pressure rise to lessen abrupt!y at some mean flow coeffi- 
cient, when the tip stall has sufficiently progressed. 

Abrupt stall will also occur if the rotor hub section stalls first. 
In this case stall will be effective at a higher mean flow coeffi- 
cient and will cause premature surge in a multistage machine. It 
is likely that the use of shrouded stators induces premature hub 
stall and causes more inferior intermediate and low speed surge 
lines than those of equivalent cantilever stators. 

Rotor blades of low hub-to-tip radius ratio will possess a wide 
variation in operating range between the hub and tip sections, 
due to the large difference in stagger angle and hence ratio of 
throat to pitch widths. It is believed that this type of blade will 
stall progressively with a minimum pressure discontinuity if the 
tip is matched at design point to have negative incidence rela- 
tive to that for optimum lift-to-drag ratio. This is, of course, 
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difficult to accomplish in transonic compressors where it is neces- 
sary for the high Mach number tip section to operate at design 
with relatively high incidence, if design point efficiency is to be 
obtained. This is one of the penalties the designer incurs when 
he reduces the section operating range by running with high 
inlet Mach number. As mentioned previously, however, the thin 
nose sections employed in transonic designs tend to stall at higher 
incidences as Mach number is increased, and it is quite possible 
that little difference in stalling incidence exists at low speeds com- 
pared to equivalent blunt nose sections. 

Rotor blades of relatively high hub-to-tip radius ratio will 
always tend to stall abruptly due to the smaller difference in 
peripheral velocities and to less pronounced radial influence of 
Mach number. 

Fig. 13 shows performance stage characteristics for a typical 
highly loaded rotor tip section and Fig. 14 shows the same char- 
acteristic in relation to those at the hub and mean sections. 
Considerable differences exist between the curves obtained from 
test measurements in the rotating blade row and those expected 
from simple cascade tests with similar inlet-to-exit axial velocity 
ratio. 

The performance of the hub section agrees quite closely at all 
flow coefficients with that expected from equivalent two-dimen- 
sional cascade data; and, except for choking occurring at lower 
flow coefficients, little change results as Mach number is increased. 

At the tip and mean sections some scatter in pressure function 
variation with Mach number exists and, in addition, the values 
of pressure function at flow coefficients less than design are lower 
than those expected from equivalent two-dimensional cascade 
data. The change in pressure function with speed appears to be 
logical if one considers the effect of Mach number on lift coeffi- 
cient. This is shown on Fig. 15 and indicates that lift coefficient 
increases with Mach number to a point, after which it remains 
sensibly constant and then reduces again as drag increases. It 
appears that the Mach number was sufficiently low at 60 per cent 
design speed to cause a marked reduction in pressure function and, 
with increased speed, recovery to 115 per cent occurred as the lift 
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coefficient increased. The peak value of pressure coefficient was 
a maximum and reduced at higher speeds as the drag increased. 
The variation in stalling incidence and choking flow coefficient 
with speed is clearly indicated. 

Operation of a compressor first stage covers the shaded region 
indicated on Fig. 13. This is, basically, the shape of the stage 
characteristic which would be obtained from measurements of wall 
static pressure in an actual compressor. It is seen that the lower 
peak value of pressure function at 60 per cent speed influences 
the shape of the stage characteristic, and that stall occurs over 
a wide range of flow coefficient as the speed is changed. 

As the axial velocity is reduced, the static pressure rise at the 
tip will tend to increase at a rate in excess of that at the hub, by 
virtue of the shapes of the pressure characteristics. Thus a larger 
pressure gradient would exist at the rotor exit, not in keeping 
with that necessary for the condition of radial equilibrium. The 
correct static pressure gradient would be obtained if flow were 
displaced outward within the rotor. This would result in the axial 
velocities at exit of the rotor at the outer sections being increased, 
with corresponding reduction in work coefficient at these loca- 
tions. Hence a less steep slope of work coefficient with flow co- 
efficient based on inlet velocity would exist at sections other 
than the hub. In addition, a reduction in stalling flow coeffi- 
cient would result. The rotor outlet static pressure gradient 
would not, of course, be identical to that at the design flow co- 
efficient; the outward flow displacement necessitating a rather 
higher gradient due to stream curvature between the rotor and 
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Fig. 18 Stage characteristics based on outlet flow conditions 


stator. The rate of change of efficiency with flow coefficient at 
any speed considered also determines the amount of outward 
flow displacement, by virtue of its effect on the pressure function, 
and hence the static pressure. A lower than design efficiency 
usually exists at the tip section, due to the accumulation of 
secondary losses, and the interaction of the casing boundary 
layer. Similar flow conditions will occur whether a stage be 
designed on free-vortex or reaction principles. 

A more complex physical flow pattern will exist in the rear 
stages of a compressor, due largely to the nonuniform conditions 
at entry resulting from passage of the flow through ‘the early 
stages. However, a continuous radial static pressure gradient 
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will again occur, and the section pressure functions will satisfy 
the requirements. Due to the necessarily higher hub-to-tip ratios 
of these stages the theoretical slopes of the pressure function or 
flow coefficient curves will be more nearly equal, but additional 
effects will exist by virtue of the nonuniform entry conditions. 

It is believed that improvement in part-load performance of 
the early stages would occur if the slope of the hub section char- 
acteristic could be increased to agree more closely with that of 
the tip section. This is, of course, impossible to achieve, the 
slope being a function of only the design tangential velocity 
change and blade peripheral velocities as shown in the following 
equation: 


dAT = aVa [: = =| (9) 
AT’ iV,’ AV6 


where 


AT’ = stage temperature rise 
V4, = axial velocity 
AV@ = absolute tangential velocity change across rotor 
u = blade peripheral velocity 
’ = design condition 


However, similar effects would occur if the hub sections were 
designed to produce larger enthalpy rises than the outer sections 
(reducing enthalpy rise with radius with the tip section still de- 
signed on its aerodynamic loading limit). This would enable the 
tip section to produce higher pressure ratios at lower than de- 
sign flow coefficients, due to smaller flow displacement within 
the rotor passages toward the outer radii. The slope of the tip 
performance characteristic would now more nearly approach that 
shown to be possible from two-dimensional cascade tests. The 
higher work designed into the hub section augmented by the 
higher possible tip work would then result in the attainment of 
greater stage pressure ratios at lower than design flow coefficients. 

Fig. 16 shows a typical stage characteristic constructed from 
wall static pressures, indicating a marked pressure reduction at 
stall. The dotted portion shows the pattern of the stage char- 
acteristic if smooth stall could be produced. 

The over-all operating range of the stage can be increased 
by extending the range of the rotor tip section. In con- 
ventional subsonic designs, the hub section of the rotor blade is 
likely to choke first. This causes radial outflow to oceur which 
helps to relieve the hub until a considerable portion of the blade 
row chokes and no further increase in mass flow will be possible. 
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In transonic blade rows where the ratio of throat area to critical 
area is almost constant over the blade height, the rotor would 
choke without any three-dimensional relief. Fig. 17 shows the 
position of the hub, mean, and tip sections of a number of com- 
pressor first stage rotors at design point relative to the blade row 
choking line. Cases A and B passed the required mass flow 
exactly whereas case C passed 8 per cent higher than required 
flow. ; 

If the stage characteristic be replotted dimensionally with 
outlet nondimensional mass flow as the abscissa and stage pressure 
ratio as the ordinate, it is possible that the characteristic would 
possess a positive slope in the region of the two legs of the curve. 
Fig. 18 indicates this effect. 

The lowest speed at which the unstable region exists will be 
a function of the magnitude of both the nondimensional pressure 
function and the flow coefficient. If this critical speed occurs at 
60, 70, or 80 per cent design speed on the characteristic of the first 
stage, it is likely that a surge line knee will exist. 

It is highly unlikely that meticulous radial matching alone of 
the elements of axial compressor rotor and stator blades will 
enable operation of high pressure ratio compressors to be carried 
out over the entire running range without the aid of variable 
stators and/or bleed, etc.—the axial matching of the stages is of 
major importance in this respect—it will, however, enable im- 
provements to be made in part-load performance, and, what is 
possibly more important, will enable higher efficiencies to be ob- 
tained with higher average blade loading and flow throughputs. 
This is of considerable importance in small compressors where 
the attendant friction effects and clearance losses assume large 
proportions, 
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The Measured and Visualized Behavior 

of Rotating Stall in an Axial-Flow 

Compressor and in a Two-Dimensional 
cino sovran # Gascade 


Research Staff, General 

Motors Corporation, The technique of smoke-flow visualization has been used to show clearly the action 
Detroit, Mich. of the flow field upstream of a single rotor during rotating stall. The flow processes on 
the blades and in the blade passages of a stationary compressor cascade also have been 
observed using the same technique. An audio method of detecting rotating-stall patterns 
has been developed and has indicated that some compressor operating conditions at 
which no periodic flow disturbance was previously thought to occur actually contained 
rotating-stall patterns whose number of stalled regions changed very quickly from one 
value to another. The absolute speed of rotation of a stall zone was reduced to zero and 
its over-all shape clearly outlined by means of smoke visualization. The qualitative 
results of all these investigations have given a good physical picture of the rotating-stall 
phenomenon. Severe reverse flows were found to exist during rotating stall and these 
caused the formation of reversed flow regions extending upstream of a blade row. Fur- 
thermore, the distortions of the flow field in the vicinity of a blade row were found to be 
of such large magnitude that it does not seem likely that they can be described adequately 
by any linearized theory. (Quantitative investigations were made into the effects of 
guide-vane turning and axial position on the rotating-stall characteristics of an axial- 
flow-compressor rotor. The absolute direction of the fluid entering such u configuration 

was found to affect nearly all facets of rotating-stall behavior. 


Introduction siderable effect to make direct observations of the flow proc- 
esses involved in the rotating-stall phenomenon. 

Tux PROBLEM of rotating stall in the compressor ? ee ‘ 

element of gas-turbine systems is one that has received much Smoke-Flow Visualization Studies of Rotating Stall 
attention in the past few years. In connection with the Allison The work to be reported in this paper involves investigations of 
Division of the Corporation and the Air Force, the General both a qualitative and a quantitative nature. The qualitative 
Motors Research Staff has been taking part in this activity and results will be considered first. ‘These investigations have been 
has been conducting studies of a fundamental nature with com- carried out in two different test facilities. The first facility used 
pressors of the axial-flow type. Some of the results to date have contains a low speed, axial-flow compressor. This compressor is 
vielded considerable insight into the basic physical flow processes a 2-stage, variable-geometry unit that is commercially available 
involved in this extremely interesting and perplexing phe- Each blade in both rotors and stators is individually adjustable 
nomenon, and these results are now being made generally availa- to any desired setting angle and any combination of the two 
ble. Pa ee " er . stages can be used. This unit has been incorporated into the 

One > maior . 1g ak analytical attacks sey : izati 

ne of the aso diffic ultic ssa hicntainisen U0 ci ta : att a facility in such a way that the methods of flow visualization can 
the problem of rotating stall is the proposition of a physical flow 
model that is sufficiently simple to be amenable to theoretical in- 
vestigations and yet one that accurately describes the mechanism 


(TT 


of the actual flow processes involved. The physical concept of 
rotating stall currently existing is rather sketchy as far as detailed 
mechanism is concerned. The only reported investigations into 
the detailed nature of the flow field have been the schlieren and 
interferometer studies made at Massachusetts Institute of Tech- 
nology [1]! and some rudimentary smoke-visualization studies 
made in France |2}. In the investigations reported here, the 
technique of smoke-flow visualization has been used with con- 

' Numbers in brackets designate References at end of paper. 

Contributed by the Gas Turbine Power Division and presented 
at the Semi-Annual Meeting, Detroit, Mich., June 15-19, 1958, of 
THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of : 
the Society. Manuscript received at ASME Headquarters, March . — — - 

16, 1958. Paper No. 58—-SA-20. Fig. 1 Axial-compressor flow-visualization facility 
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be used for observing the air-flow conditions. The complete in- 
stallation is shown in Fig. 1. 

Air passes through the unit from left to right. The inlet section 
contains flow straighteners, screens, and a contraction nozzle, all 
of which reduce the turbulence level of the air entering the com- 
pressor to a value compatible with good flow visualization. The 
compressor is located in the center, and in this case has three 
windows cut in its side to permit visual observation of the flow. 
In the tests that have been conducted to date, only a single 
rotor-blade row has been investigated and it is located at the be- 
ginning of the right-hand window. The compressor discharges 
into a plenum chamber which has a glass end wall. Air can be 
pulled through the unit independently of the compressor speed by 
means of exhaust blowers connected to this chamber. Lighting 
for visualization is provided either by two slide projectors lo- 
cated downstream of the glass end wall of the plenum or by a 
battery of flashlights located inside the plenum at the point where 
the compressor annulus discharges into it. In each case, small- 
diameter, concentrated beams of light pass up through the rotat- 
ing blade row to light its upstream flow field. The smoke used for 
visualization consists of a fog of very small droplets of kerosene 
produced in a special generator [3]. This smoke is introduced into 
the air stream through small tubes extending from the trailing 
edge of an airfoil-shaped reservoir that is located on the left side 
of the window area. 

Successful visualization of the flow processes involved during 
rotating stall has been achieved in this facility, and motion pic- 


Rotor Air Flow 


Frames 1-6 Frames 7-12 Frames 13-18 


Fig. 2 Smoke visualization of flow field upstream of a rotor during 
rotating stall 
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Fig.3 Two-dimensional cascade used for flow visualization of propagat- 
ing stall 


tures have been taken at rates up to 64 frames per sec. These 
movies show very clearly the severe flow distortions that are 
caused in the flow field upstream of the blade row by the propaga- 
tion of the stall regions. 

In these particular tests, disturbances in the upstream flow 
field were found to extend several feet in front of the blade row 
under some conditions. As stall regions propagate around the 
compressor annulus, the through-flow of the compressor is forced 
to divert around them, causing periodic tangential oscillations of 
the incoming streamlines. This action can be seen in Fig. 2, but 
is much more pronounced and startling when seen in motion 
pictures. At certain compressor operating conditions the number 
of regions in a pattern changes very quickly from one value to 
another. Using smoke visualization this is observed as a change 
in the frequency and amplitude of the upstream tangential stream- 
line oscillations. Visual observation also indicates that severe 
reverse flows can exist in the upstream region, and this is verified 
by results obtained in a stationary cascade. 

Investigations in the axial compressor have yielded a clear 
picture of the flow conditions existing upstream of a rotor during 
rotating stall. However, they do not permit observation of what 
is going on inside the passages of the blade row itself. To cireum- 
vent this, a two-dimensional, stationary compressor cascade has 
been built and is shown in Fig. 3. Air is moved through the unit 
both by an inlet blower at the left and a discharge suction fan at 
the right. As with the smoke compressor, rather elaborate steps 
are taken to reduce the turbulence level by using inlet straight- 
eners, screens, and a nozzle. The test section is 12 in. high, 6 in 
from front to back, and has plexiglas walls on three sides. Light- 
ing is by automotive-type spot lamps located above and below the 
section. The blades of the cascade are made of plastic and are 
mounted on a rotatable steel plate, forming the back: wall of the 
test section, so that the cascade inlet angle can be varied. Each 
blade is individually adjustable and all interior surfaces of the unit 
are painted a glossy black. Using the same kerosene smoke that 
was used in the axial compressor, good flow visualization during 
Again motion 


propagating stall has been achieved successfully. 
pictures at 64 frames per sec have been taken as well as some at 


higher camera speeds. 

Contrary to generally accepted beliefs, these studiés indicate 
that it is possible for a compressor cascade to experience a condi- 
tion of uniform blade stall. This occurs before the breakdown into 
propagating stall and visualization indicates that each blade of 
the cascade has badly separated flow on its suction surface. This 
is indicated in Fig. 4. 

By careful adjustment of the inlet-air angle and the blade- 
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Fig. 4 Uniform blade stall in a two-dimensional compressor cascade 


Air Flow 


Frames 7 to 12 ~ Frames 13 to 18 


Frames 1 to 6 


Fig. 5 Propagating stall in a two-dimensional compressor cascade 


setting angles, it was possible to produce a large amplitude propa- 
gating stall on the caseade, Fig. 5. The flow distortions resulting 
from this propagation were periodic and the smoke made it possi- 
ble to observe much of tne detail of the flow patterns as the stall 
regions propagated along the row. By introducing smoke only 
downstream of the blade row it was possible to see that the void 
region indicated upstream of the row was actually filled with air 
that had flowed back upstream through the row. This reverse- 
flow region extended a fairly large distance upstream of the row 
and was essentially symmetrical about a line perpendicular to the 
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Fig. 6 Model of rotating-stall region upstream of rotating blade row 


plane of the cascade. Reverse flows of such magnitude are not 
considered in any of the theoretical treatments of rotating stall. 

Because of the absolute motion of the stall regions, even the 
stationary-cascade visualization did not give a clear enough out- 
line of the over-all stall-zone shape or its internal-flow charac- 
teristics. By returning to the single-rotor axial compressor, more 
definite information on these points was obtained. By locating 
hot wires at various distances upstream of the rotor, the tangential 
extent of the stall zones as a function of axial distance was de- 
termined. The edges of the stall regions cannot be defined very 
accurately by this method, but the general results obtained are 
shown in Fig. 6. The cross-hatched region indicates the reverse- 
flow region upstream of the rotor row and this region will here- 
after be referred to as the stall region. When these measurements 
were made, a set of inlet vanes located 9 in. upstream of the rotor 
was used to impart inlet prerotation to the air entering the 
rotor. Even though the air did not enter the rotor axially, the 
stall regions still seemed to be symmetrical about an axial line. 

Confirmation of this over-all shape of a stall region and in- 
formation on its internal-flow conditions were obtained by re- 
ducing the absolute speed of stall-pattern rotation to zero. This 
was done by using inlet prerotation vanes and resulted in stall 
zones remaining at fixed positions in the compressor annulus for 
prolonged periods of time. 

The average inlet-velocity diagram of a rotor when it is operat- 
ing in rotating stall without any inlet vanes is shown in Fig. 7. 
Relative to the blades, rotating stall propagates from their pres- 
sure to their suction surfaces with a speed that is here indicated 
as Spr. It will be noted that S, is in a direction opposite to that of 
rotor rotation and is of smaller magnitude than the wheel speed. 
In an absolute sense, therefore, the stall propagates in the same 
direction as that in which the rotor is moving but at a lower speed 
S,. Since the absolute propagation speed S, is equal to U — Sp, 
the relative stall speed Sp and the wheel speed U must be made 
equal if S, is to be reduced to zero. 

The relative stall speed Sp is primarily a function of the relative 
inlet-air angle @, and the relative inlet velocity W: to a blade row. 
It will be assumed for the moment that it is a function only of 
these two variables. As a result, if a given 8; and W, can be main- 
tained while the wheel speed U is reduced, then Sp will remain 
constant but the absolute stall speed S, will decrease by an 
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Fig. 8 Average inlet-veloc- 
ity diagram during rotating 
stall with negative prerota- 
tion 


Fig. 7 Average _inlet- 
velocity diagram during 
rotating stall 


amount equal to the reduction in U. This can be accomplished 
by using inlet vanes to impart negative prerotation to the incom- 
ing air. In Fig. 8, the air has been turned in a direction opposite 
to that in which the rotor is moving by an amount aq. The rela- 
tive inlet angle and velocity have been maintained at the same 
values as in Fig. 7 and the relative stall speed Sp is therefore pre- 
sumed to be unchanged. The wheel speed has been reduced, how- 
ever, so that the absolute stall speed S, has been reduced cor- 
respondingly. It is apparent, if this line of reasoning is correct, 
that there must be some negative prerotation angle that will re- 
duce S, to zero. Furthermore, if greater values of negative pre- 
rotation are used it should be possible to make S, negative; i.e., 
cause the stall zones to rotate, in an absolute sense, in a direction 
opposite to that in which the rotor is moving. 

Both of these conditions have been achieved in the axial com- 
pressor. Although the foregoing suppositions on stall behavior 
are not exactly correct, they are qualitatively valid and do indicate 
the proper trends. The proper amount of negative prerotation 
cannot be calculated accurately, however, but eventually must be 
obtained experimentally after an approximate value has been de- 
termined by the method indicated in the previous paragraph. 
The turning angle finally required was about —65 deg. The inlet 
vanes used to produce this inlet prerotation were located as far 
upstream of the rotor as possible in the test facility. This was 
done so that they would merely serve to turn the air and would 
have a minimum of influence on the flow distortions upstream of 
the rotor and on the stall behavior of that blade row. This axial 
spacing turned out to be quite important, and a value of 9 in. was 
used. When the spacing was 4 in. or less, interaction effects be- 
tween the inlet vanes and the rotor were so pronounced that no 
amount of negative inlet prerotation would bring the stall regions 
to rest. As the speed of a given pattern was reduced to a low 
value under these conditions, the pattern invariably changed to 
one containing more regions and moving at a higher rotative 
speed before the original pattern could be brought to rest. 

In nearly all cases the final reduction from a very low rotative 
speed to one of zero required taking advantage of the rotating- 
stall hysteresis effect. This can best be explained by using Fig. 9. 
This shows the speed of stall rotation as a per cent of rotor speed 
plotted against rotor relative-inlet angle. As the inlet angle was 
increased by reducing the air flow at constant rotor speed, rotating 
stall eventually was initiated. In this case a pattern containing 
two stall regions was formed rotating at a very low absolute 
speed. As the compressor air flow was decreased further, the speed 
of stall rotation increased until the pattern suddenly changed to 
a single stall at a lower rotative speed. If the air flow was de- 
creased further from this point, the speed of rotation of the single 
stall pattern increased in the same manner as that previously 
found with the two-stall pattern. If the air flow was carefully 
increased, however, the single-stall region could be maintained to 
flows greater than that at which the pattern had formed, and its 
absolute speed reduced to zero. This fact could be observed 
visually, by means of smoke, and also by the indications of hot 
wires in the compressor annulus. This stationary-stall region was 
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Fig.9 Method for stopping stall 








Fig. 10 Flow visualization of a stationary-stall region 


very stable and remained fixed for long periods of time, occupying 


about half the annulus. As indicated in Fig. 9, a continuation 
of the process often resulted in the stall region rotating in a direc- 
tion opposite to that of the rotor before the pattern eventually 
changed to one containing two regions rotating in the normal 
direction. 

The stationary-stall region was visualized by employing a 
smoke technique different from that formerly used. When a stall 
region was brought to rest, a smoke bomb was placed in the down- 
stream plenum chamber of the compressor. Previous results 
have indicated that a stall region is characterized by a large region 
of reverse flow extending upstream of a blade row. As a result, 
the downstream smoke from the bomb was carried forward 
through the rotor into this region and clearly visualized it. 
Movies were taken and typical results are shown in Fig. 10. This 
clearly shows the symmetrically shaped stall region extending in 
front of the rotor and containing reverse-flow air. The internal- 
flow characteristics, on the other hand, are quite difficult to de- 
termine. Although comparatively stable, the axial and tangential 
extent of the stall region varies continually in a random manner 
even when the region is stationary. In addition, blades are con- 
tinually passing through the region so that local conditions ave 
time dependent. These two factors make detailed observations 
of internal-flow patterns very difficult to make. 

The existence of a large upstream reverse-flow region requires 
that quantitative experimental measurements of pressure, ve- 
locity, and air angle upstream of a rotor be very carefully inter- 
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preted. The type of variations measured by any stationary probe 
in the upstream region will depend on whether the probe is close 
enough to the stalled blade row to have the reversed-flow regions 
pass over it, or whether it is far enough away to see only the air 
coming from upstream. This is illustrated by sections A and B in 
Fig. 6. In the two cases the measured pressure variations will be 
different and cognizance of this fact must be taken before valid 
conclusions can be drawn. 

Another interesting facet of rotating-stall behavior has been 
revealed by using an audio technique of stall observation. The 
usual method of detecting rotating stall involves the use of hot- 
wire anemometers, These heated wires are sensitive to air ve- 
locity and are placed in the flow annulus at various circumferential 
and radial positions. As stall regions rotate past a stationary 
probe, the flow distortions associated with these regions cause a 
decrease in the output signal from the hot wire. This signal is 
usually displayed on an oscilloscope. In a well-established stall 
pattern the stall regions are equally spaced and the pattern ro- 
tates at a uniform speed. As a result, stall regions pass a given 
hot-wire probe with a regular frequency and the hot-wire output 
signal is a periodic wave that can be tuned on the oscilloscope. 
In many cases, however, the number of regions in the stall pat- 
tern existing at a given compressor operating point changes very 
rapidly freim one value to another, remaining at a given value for 
only a fraction of a second. Because of the short duration of a 
given pattern it is impossible to tune it on an oscilloscope, and it 
is frequently impossible even to detect regularity from high-speed 
films of oscilloscope traces. Such conditions were previously re- 
ferred to as “‘hash”’ and were thought to be irregular, nonperiodic 
flow fluctuations. The basic regularity of the rapidly changing 
patterns occurring at such conditions is, indicated 
clearly by using the audio method of stall observation that is in- 
This technique was used with a facility in 


however, 


dicated in Fig. 11. 
which various stages of the compressor from an Allison T-56 
turboprop engine were being investigated. A fluctuating air 
velocity is shown diagrammatically at the upper left. As it 
passes over the hot-wire probe the signal produced is, after ampli- 
However, the signal is also fed 
Since the regions 


fication, displayed on a scope. 
through an audio amplifier and into a speaker. 
in the patterns pass a fixed probe with a regular frequency, the 
signal can be heard from the speaker as a clear and audible tone. 
The sounds heard over the speaker are not the actual noise pro- 
duced in the compressor but in some cases, when the stall inten- 
sity is high, the same tones can be heard coming directly from a 
concrete-walled test cell. By the use of this technique, as many as 
five different stall patterns have been detected at a given com- 
pressor operating point. Tape recordings of stall tones obtained 


in this manner have been made. 
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Fig. 11 Audio hot-wire circuit 
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The major result from the use of this technique is the revelation 
of the rather amazing propensity that rotating stall has for basic 
uniformity and regularity. Regardless of the shortness of the 
time duration during which a given stall pattern exists, the re- 
gions of the pattern are essentially evenly spaced and the pattern 
rotates at a uniform speed. 

The flow visualization and audio techniques just described have 
revealed some of the basic characteristics of the rotating-stall 
phenomenon. These may be summarized briefly as follows: 

1 The stall regions in a given pattern are usually symmetri- 
cally spaced, and the pattern as a whole rotates at a regular 
speed. 

2 The stall zones ean involve severe reverse flows, resulting in 
the formation of regions extending upstream of the stalled blade 
row that contain fluid originating from downstream of the row. 

3. The effects of rotating stall'extend a considerable distance 
upstream of a stalled blade row. 

4 The absolute speed of stall-pattern rotation can be reduced 
to zero by means of negative inlet prerotation. 


Some Effects of Guide-Vane Turning and Axial Position on 
the Rotating-Stall Characteristics of an Axial-Flow 
Compressor Rotor 


In addition to the qualitative results Just discussed, many 
quantitative observations of rotating stall also have been made. 
The low-speed, axial-flow compressor in which flow-visualization 
studies were conducted has been used to investigate the effects of 
guide-vane turning and axial position on the rotating-stall charac- 
teristics of an axial-flow rotor. This rotor was of i8 in. diam and 
had a constant hub-tip ratio of 0.69. The blades had an RAF No. 
6 propeller section with a thickness-to-chord ratio of 12 per cent 
and a twist of 4 deg from root to tip. A setting angle at the mean 
line of the blades of 30 deg was used. The blades used as guide 
vanes were the stator blades designed for the compressor. These 
were made of sheet metal, had a moderate camber, and were 
twisted 8 deg from root to tip. When used to provide positive 
prerotation of the incoming air, these vanes had to be installed 
backwards. Although the radial gradient of leaving angle was 
reversed from that obtained when the vanes were in their proper 
orientation, this effect was neglected in the following analysis. 
The turning angle at the pitch line of the vanes was the one used 
to characterize any given test configuration. Since the vanes 
were not designed for the high turning angles at which they were 
sometimes used, they were often very badly stalled. In view of 
the large flow distance between the vanes and the rotor, however, 
this stalled condition is not thought to have affected the reported 
results in any major way. 

secause of the low air velocities, high hub-tip ratio, small blade 
twists, and eylindrical annulus used in this investigation, the flow 
in the machine was considered to be two-dimensional in so far as 
its effects on rotating-stall behavior were concerned. This as- 
sumption was validated by the fact that all the stall patterns ob- 
served indicated essentially no variation in flow conditions across 
the annulus, 

During these tests the inlet vanes were located at various 
anial positions in front of the rotor. These were dictated by 
reasons of physical convenience and the cambered inlet vanes 
were placed [1/2 4, 61/2, and 9 in. upstream of the rotor. Some 
radial, uncambered inlet vanes also were used in the investigation 
and these were most conveniently located !/2 and 5 in. upstream 
of the rotor. The various amounts of guide-vane turning used at 
these positions and the different configurations tested are given in 
Table 1. 

The Reynolds numbers based on that 
achieved in rotating stall during these tests varied from 26,000 to 
130,000. This represented rotor speeds from about 250 to 1680 


blade chord were 
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Table 1 


Guide-vane Axial distance up- 
type stream of rotor, in. 


Cambered... peer ees 


Guide-vane turning 
angle a, deg 
Range of positive and 

negative prerotations 
—62 
Range of positive and 
negative prerotations 
Cambered.............. j —62 
Uncambered....... 0 
Uncambered.. . its /s 0 


Cambered... 6!/2 


Cambered. . 4 


rpm. Initially the stall data obtained for each constant-speed 
run were plotted separately, but little difference was found be- 
tween the various speeds. This indicates that no significant 
Reynolds-number effect was present and is probably due to the 
fact that the inlet vanes induced enough turbulence in the flow 
to make the effective Reynolds numbers much higher than the 
values mentioned previously. As a result, all the data for a given 
configuration were correlated by a single curve. 

The independent variables considered in the investigation were 
the following: (1) The axial spacing between the inlet vanes 
and rotor; (2) the amount of guide-vane turning, a; and (3) the 
physical presence or absence of stationary vanes. Their effect on 
the following dependent variables was investigated: (a) Absolute 
stall speed, (b) number of stall regions in the patterns, (c) angle of 
attack at which rotating stall was initiated, (d) slope of stall 
characteristic, (¢) manner in which the number of stall regions in 
the patterns changed with decreasing air flow, and (f) relative 
stall speed. These dependent variables will be considered one at 
a time and in the order indicated. 

Absolute Stall Speed. As was indicated previously when the 
problem of reducing the absolute speed of stall rotation to zero 
was considered, the absolute direction of the inlet air entering a 
rotor has an effect on absolute stall speed. This was proved in 
that particular case by the fact that a stall pattern could be 
brought to rest in an absolute sense. In general, the experimental 
effects of inlet prerotation are those shown in Figs. 12(a) and 
12(6). With the absolute stall speed as a per cent of rotor speed 
of a particular pattern plotted against the relative inlet angle to 
the rotor, it is seen that for a given inlet angle the stall speed de- 
creases as the amount of prerotation decreases. Prerotations 
greater than 24 deg are not shown because I| and 2 stall patterns 
could not be obtained at these conditions. Tests were conducted 
with prerotations up to 65 deg, however, and the trend of absolute 
stall speed with amount of inlet prerotation for a given pattern 
was found to extend up to that point. At absolute inlet angles 
greater than 65 deg, however, spot checks indicated that the ab- 
solute stall speed of a given pattern was lower than that obtained 
at 65 deg. This angle therefore represents the condition for the 
maximum value of this effect of absolute inlet angle on absolute 
stall speed with this particular facility. 

It will be noted that the results of Fig. 12 were obtained with 
the guide-vanes located 4 in. upstream of the rotor. Tests also 
were made with the vanes 9 in. in front of the rotor and the same 
effect on absolute stall speed was found. 

One of the peculiar facets of this ability to vary the absolute 
speed of stall rotation is the comparative ease with which it is 
possible to obtain zero speed. The possibility of having a fine 
enough adjustment on operating conditions to be able to obtain 
any given preselected stall speed exactly would seem to be rather 
remote. In the case of zero speed, however, this can be done with- 
out too much difficulty. As the absolute stall speed approaches 
zero the pattern actually seems to seek that value and remain 
at it for a small range of flow conditions, rather than existing only 
at one distinct operating point, Fig. 9. In addition, as the mag- 
nitude of the absolute stall speed approaches zero it becomes more 
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Fig. 12(b) Effect of guide-vane turning angle on absolute stall speed 

and slope of stall characteristic; one-stall pattern 


and more unsteady. Since the rotor speed is being held constant 
this means that the relative stall-propagation rate on the rotor 
is varying. In the range of absolute speeds from +10 to —10 per 
cent of rotor speed the effect is noticeable enough that only 
average values of absolute speed can be determined. At zero per 
cent speed, however, the stall speed is absolutely steady and the 
relative propagation rate is therefore also steady. The fact that 
zero absolute speed can be maintained over a small range of oper- 
ating conditions rather than just at a single point, and that rela- 
tive stall speeds become unsteady when absolute stall speeds ap- 
proach zero indicates that stall behavior is not entirely determined 
by the flow conditions relative to the rotor; it is also apparently 
dependent on flow conditions in the absolute frame of reference. 
This point will be considered in more detail in the following see- 
tions. 

The speed of stall-pattern rotation is affected by blade-row 
interaction effects as well as by the amount and direction of 
guide-ane turning. This factor was investigated by varying the 
axial spacing between the guide vanes and the rotor while the 
setting angles of both blade rows were held fixed. The inlet 
vanes were placed 9, 61/2, 4, and 11/2 in. in front of the rotor while 
providing a negative prerotation of 62 deg. The results are shown 
in Fig. 13. The absolute speed of stall rotation of a given pattern 
at a given relative inlet-air angle is seen to decrease as the spacing 
between blade rows decreases. No data are recorded for the 1!/2- 
in. spacing because the stall patterns were so unstable with this 
configuration that stall numbers and stall speeds were difficult to 
measure accurately. The data had considerable scatter and an 
adequate stall-speed curve could not be drawn. 

The guide vanes used in these tests constituted accelerating 
blade passages and therefore had a drop in statie pressure across 
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Fig. 14 Effect of position of radial vanes on absolute stall speed 


them. Since rotating stall is not normally associated with this 
type of blade row, the possibility exists that the presence of such a 
row in the neighborhood of a diffusing blade row would have 
a stabilizing influence on the stall behavior of that row. This 
stabilizing effect would be dependent on the spacing between the 
rows and could have been a factor in the measured variation of 
absolute stall speed with guide-vane axial position mentioned in 
the previous paragraph. Since the stall regions rotate in an 
absolute sense in the annulus, however, it also would seem that 
the physical presence of any stationary element in the neighbor- 
hood of a stalled blade row would have an effect on absolute stall 
speed since the stalled regions and their effects would then have 
to pass over these elements. 

To investigate this factor separately from that of the stabilizing 
influence, a set of uncambered radial inlet vanes was constructed. 
This consisted of sheet-metal blades 1 in. in chord and 35 in 
number and was aerodynamically neutral, so to speak; i.e., 
having neither accelerating nor diffusing passages. Because of 
the manner in which it was held in the unit, this set of vanes 
could be placed at only two different axial positions, each of which 
was different from any used with the cambered vanes. Tests were 
made with the radial vanes '/. and 5 in. upstream of the rotor, and 
with no inlet vanes at all. The results of the tests with no inlet 
vanes were considered to be equivalent to those that would be ob- 
tained with the radial vanes an infinite distance upstream of the 
rotor. The results of these tests are shown in Fig. 14. The curves 
are for a single-stall pattern and it can be seen that, as with the 
cambered vanes, the absolute stall speed at a given rotor-inlet 
angle decreased as the spacing between the blade rows decreased. 

On the basis of these results for the effect of axial spacing and 
on tests made in another facility but not reported here, the 
generalization can be made that the addition of a stationary blade 
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row either in front of or behind any compressor build-up always 
results in a decrease in absolute stall speed. 

Number of Stall Regions in Patterns. The number of stall re- 
gions that may exist in a given stall pattern can vary over rather 
wide limits. Two factors which have been found to affect this 
number are the axial spacing between the inlet guide vanes and a 
rotor, and the amount and direction of inlet prerotation. 

The effect of variations in axial spacing with a fixed amount of 
inlet prerotation is shown in Fig. 15, where stall patterns with 
different numbers of regions are plotted against guide-vane axial 
position. As the spacing between the blade rows decreased, there 
was an increase in both the number of regions in the patterns and 
the number of different patterns that formed. As has been indi- 
cated previously, rotating stall on a blade row affects the flow 
field in front of the row as well as that in and behind it. The 
larger the size of a stall region, the further upstream its effects 
extend. When inlet vanes are used, the upstream flow field af- 
fected by rotating stall is principally restricted to that between 
the vanes and the rotor. As this field is reduced, therefore, the 
effects of rotating stall cannot extend as far upstream and this is 
accommodated by the formation of patterns containing smaller 
stall regions of greater number. Greater numbers of regions in 
the patterns almost invariably lead to a greater variety of pat- 
terns found with a given configuration. This is probably due to 
the fact that the greater the number of stall regions in a pattern, 
the smaller the difference in air-flow conditions between that 
pattern and ones with slightly more or slightly fewer regions. It 
should be remembered that in this test the setting angles of the 
two-blade rows were kept fixed and only the relative positions of 
the rows changed. The results therefore indicate that the stall 
behavior of a given combination of blades can be rather dras- 
tically affected by their relative spacing. 

The effect of the amount and direction of inlet prerotation on 
the number of regions in the stall patterns is not as clear-cut as 
that of the axial spacing, but a trend does exist. With the vanes 
located 4 in. upstream of the rotor, the general tendency is for 
both the number of regions in a pattern and the number of pat- 
terns found on a given rotor to increase when either large amounts 
of negative or positive prerotation are employed. This indicates 
the possible effect of the increased static pressure drop across the 
guide vanes at these extreme positions. This would make their 
stabilizing tendency more pronounced and could cause the forma- 
tion of the smaller regions of larger number whose effects on the 
flow field would not extend as far upstream of the rotor. 

Angle of Attack at Which Stall Is Initiated. The angle of attack 
at which rotating stall begins on a blade row is normally thought 
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to depend only on conditions relative to the blade row. These 
investigations, however, have shown that it is also dependent on 
both the axial spacing between the inlet vanes and the rotor, and 
on the amount and direction of inlet prerotation. The effect of 
guide-vane position is shown in Fig. 16. For a constant amount 
of prerotation, the initiation of rotating stall is retarded to larger 
values of angle of attack as the spacing between the blade rows is 
reduced. The effect is rather small, a reduction of 7.5 in. in the 
spacing increasing the stalling angle by only 3 deg, but it is 
definitely there. Being a nozzle row with accelerating flow, the 
inlet vanes exert a stabilizing influence on air-flow disturbances 
and make it more difficult for the diffusing passages of the rotor 
to exhibit rotating stall. As shown in Fig. 16, this effect increases 
as the guide vanes are placed closer and closer to the rotor and 
represents an interaction effect between the two blade rows. 

When the axial spacing between the uncambered radial vanes 
and the rotor was varied, no effect on the initiation of rotating 
stall was observed. This would tend to confirm the conclusions 
of the previous paragraph since in this case there would be es- 
sentially no pressure drop across the radial vanes. 

A much larger influence on the initiation of rotating stall is 
exerted by the amount and direction of guide-vane turning. This 
effect is shown in Fig. 17 where the results obtained with vanes 
81/2 in. upstream of the rotor are shown. Although the data for 
positive prerotations are not very conclusive, the results in the 
range of negative prerotations indicate that larger and larger 
angles of attack are required to initiate rotating stall on the rotor 
when the guide-vane turning is reduced. 

The inception of rotating stall was determined by means of 
hot-wire anemometers located in the compressor annulus up- 
stream of the rotor. The exact definition of the stall-initiation 
point, however, was difficult to establish. Periodicity in the hot- 
wire signals could not be used as a criterion since the stall pattern 
at the point of stall initiation often can be so unstable and change 
so quickly that periodicity cannot be established without an 
audio system. An audio system, however, could not be used in 
this compressor because of the low frequency with which stall 
regions passed a fixed point. Asa result, the initiation of rotating 
stall was taken arbitrarily to be that point at which the ampli- 
tude of the hot-wire signal reached a particular predetermined 
magnitude. Since the inlet-vane setting angle was continuously 
variable, it was possible to conduct this particular test in a short 
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Fig. 17 Effect of guide-vane turning angle on initiation of rotating stall. 
Guide vanes 8'/. in. upstream of rotor. 


length of time and conformity in the definition of stall initiation 
was thereby maintained at the various inlet angles. 

In the range of negative prerotation the amplitude of the hot- 
wire signal increased rather abruptly when rotating stall began. 
The data were checked at three different rotor speeds and there 
was very little change in the results. Furthermore, the results 
were the same as those obtained when the inlet vanes were located 
only 4 in. in front of the rotor. On the other hand, little confidence 
is placed in the data obtained with positive prerotation. In this 
region the hot-wire signals grew gradually and continuously as 
the rotor angle of attack was increased and this made it impossible 
to get any degree of reproducibility in the definition of the stall. 
This was aggravated by the fact that the calculation of rotor 
relative inlet-air angle is much more susceptible to errors in air- 
flow measurement when positive values of inlet prerotation are 
used. In these tests the air flow at stall was small and could not 
be measured with great precision so this was an important factor 
in the scatter of the data obtained with positive prerotation. 

Even though only the negative-prerotation part of the curve in 
Fig. 17 be used, it still indicates a variation of some 15 deg in the 
stall-initiation angle as the absolute inlet-air angle was varied 
from 0 to —65 deg. The important conclusion of the tests is 
therefore that, within the limits of experimental accuracy, the 
stall-initiation angle of a single rotor is dependent on the absolute 
entering flow direction. 

The effect on rotating-stall initiation of a pressure-loss device 
such as a spoiler located downstream of a blade row was investi- 
gated. The spoiler consisted of an annular plate extending in- 
ward from the outer case of the compressor and blocking half the 
flow-passage area. It was placed 3 in. downstream of the rotor, 
just at the point of discharge into the downstream plenum cham- 
ber. The relative rotor-inlet angle at which rotating stall was 
initiated was measured over the complete range of inlet prerota- 
tion angles and the results are shown in Fig. 17. For negative 
prerotations the data were consistent and reproducible. It indi- 
cates that the effect of the spoiler was to retard the onset of rotat- 
ing stall by about 2.5 deg over this complete range. When posi- 
tive prerotation was used the data were inconsistent and not re- 
producible. Curves obtained in this region on two different days 
are shown and indicate the difficulty of getting good data. For 
the same reasons that already have been indicated for the tests 
with no spoilers, the data for positive prerotations should be dis- 
regarded and those in the range of negative prerotations con- 
sidered to be indicative of the effect of a downstream spoiler on 
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rotating-stall behavior. The fact that a downstream pressure- 
loss device such as a spoiler has an effect on rotating-stall initia- 
tion is further indication that stall establishment is not exclu- 
sively determined by the relative angle of attack of a blade row. 

The initiation of rotating stall is not determined by the attain- 
ment of some critical angle of attack on a compressor cascade. 
It seems reasonable to assume that the angle of attack must ex- 
ceed some lower limit before rotating stall is possible, but these 
results show that the attainment of such a limiting «ngle is not a 
sufficient condition for the existence of rotating stall. Further- 
more, considerable care must be exercised in using the word 
“stall.’’ In the case of an isolated airfoil or a cascade of blades, 
stall is associated with operation just beyond the condition of 
maximum lift. Physically, it represents a flow condition in which 
the fluid stream is no longer attached to the suction surface of 
the airfoil or blades. In rotating stall, however, flow separation 
from the blade suction surfaces, i.e., blade stall, is a necessary but 
not a sufficient condition for existence. As has been observed 
visually in the two-dimensional cascade, Fig. 4, it is possible to 
have a condition where the flow on each blade of a compressor 
cascade is separated without having any propagating phe- 
nomenon. The word stall, therefore, has a different connotation 
in the terms “blade stall’ and “rotating stall.” 

Slope of Stall Characteristic. Investigations into the effect of 
guide-vane turning on the slope of the rotating-stall characteristic 
have revealed some pertinent information on the factors affecting 
(1) the rotative speed of a given stall pattern and (2) the manner 
in which the number of stall regions in a pattern varies with 
operating conditions. The stall characteristic referred to here 
results from a plotting of absolute stall speed as a per cent of rotor 
speed against relative inlet angle to the rotor, with increasing 
values of the inlet angle being plotted toward the left. The scale 
of the relative angle has been reversed so that, as in the case of a 
conventional compressor map, increased blade loading is indi- 
cated by movement to the left on the figure. In some configura- 
tions the slope of the characteristic was found to be negative 
whereas in others it was positive. Accompanying this change in 
slope was a difference in the manner in which the number of stall 
regions in the patterns varied as the angle of attack on the rotor 
row was increased, As will be discussed presently, the type of 
variation obtained is apparently influenced by the slope of the 
stall characteristic. 

The effect of guide-vane setting angle on the slope of the stall 
characteristic was shown previously in Figs. 12(a) and 12(b), the 
results being for a two-stall pattern and a one-stall pattern, re- 
spectively. In each case the vanes were located 4 inches up- 
stream of the rotor. Although the curves are not all straight 
lines, in each case they show that as the inlet prerotation increased 
from large negative values to positive ones, the slope of the stall 
characteristic changed from‘large negative values to essentially 
positive ones. There are some minor inconsistencies in the trend 
but the over-all effect is readily apparent. 

The fact that the slope of the stall characteristic can vary in 
this manner is not generally known. Most experimental investi- 
gations reported in the literature [1, 6, 7] have indicated positive 
slopes. On the other hand, [2, 4, 5] indicated that the stall- 
propagation rate was independent of the angle of attack. All of 
these tests were run either without inlet guide vanes or with guide 
vanes providing only positive prerotation, and so fit into the pat- 
tern indicated in Fig. 12. Only when negative prerotation was 
used was it possible to get negative slopes in these tests. The 
magnitudes of the negative slopes are of as much interest as the 
slopes themselves. With the large values found, the rate of stall 
propagation changed very markedly with changes in relative inlet 
angle. 

The theory of reference [7] predicts that stall regions of large 
circumferential extent will propagate more slowly in an absolute 


32 / JANUARY 1959 


sense than those of smaller extent. Furthermore, experimental 
evidence indicates that the stall regions in a given stall pattern 
grow in circumferential extent as the angle of attack on a blade 
row increases. These two statements are compatible when the 
stall characteristic has a positive slope but are incompatible when 
the slope is negative. As a result, it would appear that the de- 
pendence of absolute stall-propagation rate on stall-region size 
derived in reference [7] is not generally valid. 

Change in Number of Stall Regions With Increasing Angle of 
Attack. No rotating-stall theory has ever been proposed that 
will satisfactorily predict (1) the number of regions that will exist 
in a stall pattern, (2) why the number of regions in a stall pattern 
changes, or (3) in what direction it will change. Some, in fact, do 
not even consider that different numbers of regions can exist. In 
most of the rotating-stall data available in the literature, the 
number of regions in the pattern has increased as the blade loading 
was increased. Coupled with the observation that the cireum- 
ferential width of the regions in a given pattern also has in- 
creased under these conditions, this has led to a more or less 
intuitive feeling that a stall region breaks up into smaller regions 
of greater number when its size tends to become excessive. This 
would presume that the number of regions always would increase 
with increased blade loading. Furthermore, since all the regions 
in a given pattern are presumably identical, each should behave 
in the same manner and the number of regions therefore should in- 
crease by factors of 2. In some compressors, however, the num- 
ber of regions decreases as the blade-row angle of attack increases. 
Furthermore, in the investigations reported here both types of 
behavior were found. With certain amounts of inlet prerotation 
the number of regions was found to increase with increasing angle 
of attack while with others the number of regions decreased. 

A satisfactory explanation of the mechanism by which the 
number of regions in a pattern is determined would go a long way 
toward revealing the basic nature of the rotating-stall phe- 
nomenon. In the following, a possible correlation involving the 
manner in which the number of regions changes with flow condi- 
tions is discussed. Although admittedly empirical in nature it 
does have the virtue of satisfying a large amount of experimental 
data. 

As has already been indicated, these investigations have shown 
that the stall characteristic can have a positive or a negative slope, 
depending on the inlet prerotation that is used. This is shown 
schematically in Fig. 18. Now, all available experimental data 
indicate that when the stall pattern of a compressor changes at a 
given operating point, the pattern with the greater number of re- 
gions always has the greater absolute rotative speed. Consider 
the case where the stall characteristics have a positive slope and 
the angle of attack of the blade row is being increased con- 
tinuously. When the stall pattern changes, the absolute speed 
of the new pattern formed is greater than that of the one pre- 
viously existing. On the basis of the previously mentioned ex- 
perimental information this requires that the new pattern con- 
tain a greater number of regions than the old one. The number of 
stall regions therefore increases as the angle of attack increases. 
The opposite effect is present when the characteristics have nega- 
tive slope. The number of regions then decreases with increasing 
angle of attack. 

The preceding correlation is admittedly rather qualitative in 
nature and perhaps somewhat simplified. In some cases the data 
cannot be characterized by a single value of slope and in others, 
when the slope is nearly zero, it is somewhat difficult to establish 
the trend. The gross effects, however, are there. It seems likely 
that the slope of the stall characteristic is merely a reflection of 
some other variable that actually is responsible for the difference 
in the manner in which the number of stall regions varies. What 
this other variable is remains to be determined, but it is probable 
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Fig. 19 Dependence of relative stall speed on absolute inlet prerotation 
and relative inlet angle. Two-stall pattern. 


that a knowledge of it would aid our understanding of the rotating 
stall phenomenon materially. 

Relative Stall Speed. All rotating-stall theories are developed 
on the basis of flow conditions relative to a blade row, and the 
primary variable affecting the stall-propagation rate relative to 
the row is considered to be the angle of attack of the incoming 
fluid stream. If the blade row on which the stall is propagating 
happens to be moving, no consideration is given to the absolute 
frame of reference in which the stall regions actually propagate 
and in which additional inertia and viscous effects may be 
present. The absolute speed of stall propagation is considered to 
be only a resultant effect that is obtained in a purely algebraic 
manner from the relative stall speed and the rotor speed by using 
the relationship S, = U — Sp. 

The results of these investigations indicate that although the 
flow conditions relative to a stalled blade row are the primary 
variables determining stall-propagation rates, these rates are 
modified by conditions in the absolute frame of reference. This 
is shown in Fig. 19 where the relative stall speed has been non- 
dimensionalized by dividing by the tangential component of the 
relative inlet velocity W, and plotted against the relative inlet 
angle 8. Values of inlet prerotation are used as the parameter 
and the curves pertain to a given stall pattern. Although some- 
what erratic because of the small number of experimental points 
at a few of the inlet prerotations, the curves do indicate that the 
relative stall speed Sp is dependent on the absolute inlet prerota- 


tion. No existing stall theory predicts this and it therefore ap- 
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pears that all of them are lacking some fundamental ingredient. _ 
This dependence on the flow conditions in the absolute frame of 
reference is one of the most important conclusions to be drawn 
from the experimental work reported in this paper. 


Cascade of Circular Cylinders 


In concluding this presentation of the qualitative and quantita- 
tive experimental results of these rotating-stall investigations, 
mention will be made of one last set of interesting and thought- 
provoking observations that have been made. The visualization 
of propagating stall in the two-dimensional cascade indicated a 
rather remarkable similarity between the flow conditions that 
were observed and those found in a Karman vortex street. In 
order to investigate the possibility that a fundamental relation- 
ship between the two might exist, the blades of the cascade were 
replaced by an array of circular cylinders. These cylinders were 
7/, in. diam and they turned the air in the same manner that the 
airfoil-shaped blades had done previously. By careful adjust- 
ment of the cascade angle and of the flow conditions in the tunnel, 
it was possible to establish a periodic flow fluctuation on this 
cascade that bore a remarkable resemblance to that observed 
during propagating stall on the cascade of conventional blades. 

To test this further, the blades in the low-speed axial compres- 
sor also were replaced by these cylinders. Air was pulled through 
the compressor by the downstream exhaust blower and the wheel 
rotated. Again flow conditions that were remarkably similar to 
those found during rotating stall could be obtained. With con- 
ventional blading, rotating stall is initiated and its intensity in- 
creased either by increasing the wheel speed at a given air flow, or 
by decreasing the air flow at a given wheel speed. When either of 
these two things was done with the cylinders installed in the unit, 
the following phenomena occurred: A flow disturbance was 
created near the tips of the cylinders and could be observed both 
visually, by using smoke, and by means of hot-wire traces. This 
disturbance grew in size and extended further upstream while 
occupying a larger and larger portion of the blade height. Re- 
verse flows could be observed, particularly in the tip region, and 
the incoming-air streamlines oscillated back and forth. This se- 
quence of phenomena was almost identical to that which had been 
observed previously in compressors during rotating stall and was 
practically indistinguishable from it. 

On the basis of these results some interesting questions can be 
raised. How can a circular cylinder stall and unstall in the same 
sense that an airfoil does? Is the term rotating stall a proper 
one for the problem under investigation? The indications appear 
to be that the phenomenon may not be directly concerned with 
the detailed structure of a cascade or the detailed mechanism of 
the flow processes around its blades. Rotating stall is found in 
compressors of such varying types and sizes, that it may be con- 
cerned only with the gross, over-all characteristics of a system 
rather than with its detailed nature. 


Conclusions 


The use of smoke-flow visualization and an audio technique has 
revealed some of the basic characteristics of the large-amplitude 
type of rotating stall found in axial-flow compressors. These 
techniques have shown the basic symmetry and uniformity of the 
phenomenon and have indicated the large magnitude of the flow 
distortions involved. Severe reverse flows can exist and the 
effects of stall propagation extend a considerable distance up- 
stream of a stalled blade row. 

The investigations of a single-rotor row have indicated that 
the absolute direction of the fluid entering such a configuration 
has an effect on nearly all facets of rotating-stall behavior. This 
dependence on the absolute frame of reference tends to show that 
' 33 


JANUARY 1959 





the phenomenon of rotating stall is concerned with the gross, 
over-all characteristics of a compressor system rather than with 
the details of its structure or flow processes. The occurrence of 
rotating stall on a cascade of circular cylinders adds additional 
emphasis to this point of view. 

The results of these investigations have provided a much 
clearer physical picture of this unusual phenomenon. They have 
shown behavior characteristics that are not accounted for in any 
existing theoretical treatment and it is hoped that they will 
serve as a stimulant for new and creative thinking on the problem. 
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Availability Balance of Steam Power Plants 


The well-known expression for availability, b=h— Tos, 1s developed in a simple 
yet general manner. The changes in availability throughout several typical single and 
double reheat steam plants having different steam conditions have been calculated. 
Balances of availability are presented for each of the several plants. These balances 
show the net plant output as the difference between the availability added in the boiler 
and the various losses in availability throughout the plant. 

The maximum plant thermal efficiency (or minimum heat rate) is easily obtained from 
the ratio of the increase in availability to the heat added in the boiler. 

The availability balances present in fine detail the loss distribution throughout the 
plant. Some very interesting results are obtained. For example, an assumed average 
plant will have a calculated maximum thermal efficiency of about 75 per cent based on 
the ratio of the availability and the heat in the high temperature combustion gases. Due 
to the heat transfer through a temperature difference, this value is reduced to 50 per cent 
when based on the ratio of the availability and the heat added to the steam in the boiler. 
This average plant will lose an additional 10 points in thermal efficiency, due to internal 
losses in availability, resulting in a 40 per cent thermal efficiency (excluding boiler and 


C. A. MEYER 


Advisory Engineer, Mem. ASME 


G. J. SILVESTRI 


Development Engineer, Assoc. 
Mem. ASME 


J. A. MARTIN auxiliary losses). 
follows: 


Design Engineer, Assoc. 
Mem. ASME 


These latter 10 points due to internal losses are roughly divided as 


Pressure drop 


Steam Division, Westinghouse 
Electric Corporation, 
Philadelphia, Pa. 


Turbine blading 
Turbine leakage F 
Turbine leaving and hood.......... 


Mechanical and generator. . 
Feed and heating system 


and 


Feed pump and motor inefficiency ..... 


An availability balance enables one to make an accurate assessment of the losses in 
any power plant and therefore serves as a very accurate guide in directing development 
effort toward reducing the more significant losses. 


Introduction 


te CONVERSION of heat into work has attracted 
the attention of many great minds since the time when Carnot 
first proposed (1824) his rules for efficiently converting heat into 


work. Since that time a number of excellent thermodynamics 
books, for example, [1, 2, 3]! and articles [5, 6] have contained 
statements of the rules governing heat engines, each in its own 
individual way. In the interest of completeness we will restate 
(in our individual way) the laws governing heat engines. 

“A reversible engine has the greatest thermal efficiency of any 
engine when operating between given temperature limits.”’ 

The thermal efficiency is defined, as usual, as the ratio of work 
output to heat added to the heat engine. The proof of this 
statement is elementary and is based on the fact that if any given 
engine had a thermal efficiency greater than a reversible engine it 
could drive the reversible engine in a reversed direction and there- 
fore cause the reversible engine to deliver more heat to a hot 

1 Numbers in brackets designate References at end of paper. 

Contributed by the Power Division and presented at a joint ses- 
sion of the Power and Fuels Divisions at the Semi-Annual Meeting, 
Detroit, Mich., June 15-19, 1958, of THe AMERICAN SoOcIETY OF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, February 
27,1958 Paper No. 58—-SA-16. 
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body than the given engine needs to draw from the same hot body. 
In this way the two engines acting together could cause heat to 
flow from a cold body to a hot body without the expenditure of 
mechanical effort. This would be in opposition to the second law 
of thermodynamics. 

A second statement which easily follows from the first is this: 

“All reversible engines have the same efficiency when operating 
between the same temperature limits.” 

This statement is proved in a similar manner to the first state- 
ment by having alternately one and then the other of two re- 
versible engines drive the other in a reversed direction and 
requiring that the heat delivered to the hot body by the driven 
engine be equal to or less than the heat drawn from the hot body 
by the driving engine. 

The thermal efficiency of all reversible engines can be obtained 
by calculating the thermal efficiency of any one reversible engine. 
As is usually the case we select the Carnot engine (although any 
reversible engine would serve as well) and arrive at the well-known 
Carnot efficiency which shows the efficiency to be dependent on 
the temperature of the hot source and the cold sink. 

_ Fe Fe (1 
= 
Tn 
where 7’, and 7'¢ represent the absolute temperature of the 
hot source and the cold sink, respectively. Equation (1) then 
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Fig. 1 The availability of any substance at point 1 is (h; — T)s;) — 
(ho — Tos) = by — bo 

gives us the upper limit of thermal efficiency of any heat engine. 
Of course we know that most of our modern power generation en- 
gines do not operate between an infinite heat reservoir and an 
infinite heat sink, but rather operate through the combustion of 
fuel which results in a finite quantity of hot gases. As heat is 
removed from the combustion gases the temperature must fall. 
In fact, if one assumes a reversible engine operating by means of 
combustion of fuel, he will find it has a thermal efficiency which 
is less than that given by Equation (1) due to the fact that the finite 
source delivers heat over a range of temperatures as the gas is 
cooled. Further, Equation (1) does not give us information on 
the amount of energy that can be converted to work if we have, 
for instance, a compressed gas which is at atmospheric tempera- 
ture. 


Availability 

What is the amount of energy (the availability) which we can 
convert to work from a quantity of substance (any substance, to 
be general) which is at a temperature (7') and a pressure (P) 
which is different from those of our surroundings (7) and P,)? 
(See Fig. 1.) 

First, the substance could be expanded isentropically from 1 to 
2 giving directly work (per unit weight) equal to the difference in 
the enthalpies. 


iWa = (hi — ha) (2) 
Secondly, the substance now at pressure Po (atmospheric) and 
temperature 7’, (which is higher than atmospheric) could be used 


to supply heat to an engine working on the cycle 0230 and thus 
deliver work equal to the shaded area, Fig. 1. 


2Wo = 02 — Qs (3) 


where Q represents heat added or rejected. Since process 2-U is 
a constant pressure process, oQ2 = hz — ho. 
Also from the definition of entropy (s) 


ols = T'o( 83 — &) = To( 8; — So) 


so that Equation (3) becomes 


2Wo = hy need ho aed T'(8; — 89) (3a) 


Adding the works ,;W2 and ,Wo, from Equations (2) and (3a) we 
obtain the total work W (per unit weight) 
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W = We + 2Wo = (hi — Tosi) — (ho — Toso) 
b, — bo (4) 


where 


b=h—- Tos (5) 


is the availability.? 

Notice that since h and s are state functions so also is b, once 
To is given. 

The maximum work obtainable per unit mass of any substance 
in continuous flow? is then the difference between the value of b 
and the value by of the substance in stable equilibrium with the 
surroundings. It is interesting to note that saturated steam at 
atmospheric temperature, ft) = 70 F, has negligible availability 
(—0.04) with respect to the surroundings although its enthalpy 
is very different (1054.3 Btu’s) from water at atmospheric con- 
ditions. The zero point for availability should be taken at at- 
mospheric pressure even for condensing steam plants 


Losses of Availability 


There is no law of conservation of availability. In fact, the 
difference between the availability entering and leaving a region 
is the loss of availability in that region. 


Ab = 2b; — 2b, (6) 


where 6; and 6, are inlet and exit availabilities, respectively. 


Turbine Losses 


The loss in availability (Ab,) in a turbine is the amount by 
which the decrease in availability in the working fluid exceeds the 
work output W, (which is taken as completely available) 


Ab, = b; — b, — W, 
since 
i = inlet 
e = exhaust 
t = turbine 
W,=h, -—|h, 
Ab, = To(s, — 8) (7) 
In words, the loss in availability is equal to the absolute tem- 


perature of the surroundings times the increase in entropy. 
Also for a turbine efficiency defined as: 


= 
dg, = (1 — 9,)edP = Tds 


(dP) dq,T» 
db, Tods = (1 — ,) ( >) RT, = = 


where subscript “s’’ refers to isentropic 


v = specific volume 
dq, = friction heat 


? The symbols B (total), b (specific) rather than A, a are used for 
available energy to avoid conflict with the Helmholtz free energy func- 
tion A = U — TS or with A for area. The origin of the definition for 
available energy is attributed to Darrieus [4]. The word ‘‘availabil- 
ity’’ is used rather than ‘‘available energy”’ since the latter is fre- 
quently used when referring to the turbine isentropic enthalpy drop. 

3 The much less used ‘“nonflow’’ (internal) available energy (Ua) 
is obtained from Equation (5) by subtracting the available displace- 
ment work (P — Pp) v from b. 
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Equation (8) indicates that since 7, and F are nearly constant 
the availability loss in a given turbine is nearly independent of 
the temperature for'a given pressure ratio. 

Since 


dP 
+ dh = n,vdp ~ n, RT P 


we have from (8) 
dy _ (l-) Te 
dh mM T , 
The loss in availability per unit output varies inversely as the 
absolute temperature at which the friction heat is generated. 


In words this means that when a quantity of energy (Q) 
originally in kinetic form (100 per cent available) is dissipated as 


(9) 


friction into heat, the heat is available for conversion to work at , 


the Carnot efficiency corresponding to the temperature. Thus 
the net loss is less than Q by the amount of Carnot efficiency. 


10 


, (10) 


Net loss = Q(1 — 7,) = 
For best effect our friction losses should occur at high tempera- 
tures. In fact, Equation (9) shows that a 90 per cent efficient 
turbine at 100 F will have the same loss in availability per unit 
output (Ab,A/h) as an 81.8 per cent efficient turbine at 660 F 
(twice the absolute temperature). A rough rule would be that 10 
per cent losses (yn, = 0.9) at low temperature are equivalent to 
twice these losses (18.2 per cent) at twice the absolute tempera- 
ture. The use of a reheat factor is another way of accounting for 
the availability rebate due to friction losses. 


Pump or Compressor Losses 


The loss in availability in a pump or compressor is the amount 
by which the gain in availability of the pumped fluid falls short of 
matching the driving energy (which was 100 per cent available). 
In the case of an intercooled compressor the loss in availability is 
the amount by which the change in availability of the working 
fluid and the cooling fluid fall short of matching the work input, 


Wo ~& =a) 


since 


(11) 


where s, and s;, are the exit and inlet entropies. 

The amount of pump work required in a cycle, although it in- 
fluences plant capability, is only important to heat rate when 
carried out inefficiently. This occurs when the work expended 
(100 per cent availability) is not converted to an equal increase in 
availability in the pumped fluid. 

Since pump inefficiency cannot be avoided, we should try to 
dissipate the friction heat at as high a temperature as possible 
consistent with the fact that the pump work and therefore the 
losses increase with liquid volume or temperature. 


Heat-Transfer or Feed Mixing Losses 


The loss of availability due to heat transfer or mixing is again 
the difference between the availabilities at inlet to the heat ex- 
changer (or mixer) and the availabilities at exit from the 
exchanger. 

_s <i F 
Ab,, = 2b; — 2b, (12) 
Satisfying the energy equation we obtain 


Ab., = TAs (13) 
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Fig. 2 The loss in availability due to throttling 


where As is the net change in entropy within the exchanger or 
mixer. 

Equation (13) is perfectly general and allows for pressure losses 
together with the fact that the transferred heat has a lower Carnot 
efficiency after transfer to the lower temperature than it originally 
possessed at the higher temperature. 


Pressure or Throttling Losses 


The loss of availability due to throttling or pipe pressure losses 
is again the difference between the availability before and after 
the pressure drop. For small pressure drops it is convenient to 
develop an approximate formula rather than pick entropies from 
the steam chart. Referring to Fig. 2 we have 
Abr = ThAS) = TrAqea/T = Ty)Ahia/T =~ TwAP/TI 


p= R AP,-. 
Ab. = To J P (14) 
Fig. 3 gives the value of R/J for steam so that given the frac- 
tional pressure drop, AP/P, the entropy increase RAP/(JP) and 
the availability loss can easily be computed using Equation (14). 
Fig. 3 also shows the relative importance of a given fractional 
pressure loss for the superheated steam and for the liquid. 


Cycle Analysis 


The heat supplied to the steam in a steam plant causes an in- 
crease in the availability (h — 7'o9s) of the steam. If this availa- 
bility were completely converted to work in the cycle (without 
losses in availability), the thermal efficiency of the cycle would be: 


Ab, Ab, 


a (15 
uO,” Bk . 


where 
4 the thermal efficiency of the heat added, (maximum 
possible thermal efficiency ) 
increase in availability of steam due to heat added 
= enthalpy added to steam (assumed at constant pres- 


Ab, 
Ah, 
sure) 


Qa heat added 


This thermal efficiency is the maximum possible thermal ef- 
ficiency obtainable assuming no further losses in availability 


within the cycle. The thermal efficiencies of the heat added in 
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Fig. 3. The valve R/J for steam which is useful in calculating rhe throttling or pipe pressure drop 


the boiler or reheaters can be handled separately or in combina- 
tion as desired, 

—_— , , , , ey it . s&s =s, and P=h,;—h, 

It is interesting to notice that Equation (15) gives the ideal ? 


efficiency for any cycle including the well-known Rankine eycle where 


= pump work 
_= b, — b, h., s, = enthalpy and entropy at turbine inlet 

’ h,-h, he, 8 enthalpy and entropy of condensate 
CF ‘a CI r hy, 8; enthalpy and entropy of feedwater 

" ee! aa a La eae hy, 8 = enthalpy and entropy at turbine exhaust 


h, —h, ‘ ’ : : e ; ; : 
quation (15) can be applied to any cycle, i.e., to single reheat, 

since double reheat, feed heating, gas turbine cycles, ete. 

In general, a power plant can be treated as shown in Fig. 4 
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Qr Abr 


Fig. 4 Sketch of a power plant broken down into components showing 
the loss in availability of each component 


where the various parts of the plant such as turbines, feed system, 


pump, ete., are examined for losses in availability. 

The thermal efficiency of the complete plant is the thermal 
efficiency of the heat added less the summation of the losses in 
availability in the various parts of the plant and less any availa- 


bility rejected by the plant all divided by the heat added. 


Edd, 


Ab, Ab, Ab 
nth = — . f 


dl 
: ~ 2.) ae (17) 


rQ, Qa Qu a  ¢ 


nth = no — Am — Am... — An, — Ane (18) 
An alternate method of treatment is to use loss correction fac- 


tors thusly: 


oh = gil — (C, + C, +O, +¢€....6)] (19) 


where (,, C,, C;, C, are loss correction factors for turbine, feed 
system, leakage, etc. The loss correction factor for the turbine 
would be 


Ab 
C= — (20) 
Ab, 


where 
Ab, = 
Ab, = 


In using this method to define “ideal eycles’’ we should reeall 
One could de- 


loss in availability in the turbine 
availability added to the cycle 


that the definition of ideal cycle is quite arbitrary. 
fine the ideal cycle as one in which all components are ideal includ- 
ing the turbine as is done in the case of the Rankine cycle [Equa- 
tion (16)]. The method just described does not require the as- 
sumption of a perfect turbine in calculating the heat added thermal 
efficiency. For example, the heat added in the reheater and its 
thermal efficiency can be calculated starting with the actual con- 
ditions before the reheater rather than those corresponding to 
an isentropic turbine state line. 

The ratio of the work output to the availability supplied to the 
plant is possibly a better criterion for gaging plant ‘“‘effective- 
ness.”’ This criterion is different from the Rankine cycle ratio in 
that it compares the performance with the actual availability sup- 
plied rather than the availability which would be supplied if all 
the plant components were ideal. Any irreversibilitie due to 
such items as having a finite number of feed heaters or using 
superheated steam to heat the feedwater should be considered as 
part of the cycle internal losses. The heat added thermal ef- 
ficiency m4 is only a function of the availability and the heat sup- 
plied and is independent of the internal cycle details. 
ENGINEERING 
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Availability Balance 


As an indication of the method several availability balances 
have been carried out, the results of which are summarized in 
Table 1. 

Some very interesting facts are immediately evident upon ex- 
amination of this table. For instance (calculation No. 15), the 
thermal efficiency of reheating (64.49 and 63,28) (excluding pres- 
sure losses) is higher than the thermal efficiency of the boiler 
(57.68). However, the heat added in each reheater is unfor- 
tunately only about one seventh of the total heat added to the 
plant, The net improvement in thermal efficiency is thus only 
about one seventh of the difference of these values. 

A further disturbing fact is that when allowance is made for 
pressure losses in the reheaters, the therma) efficiency of the heat 
added in the reheaters is often Jess than for the boiler. This shows 
up in cycles which we would normally not suspect (cycles Nos. 5, 
17, 19, and 20, for instance). In these cycles the pressure losses 
overcome the thermodynamic gain due to reheating, in some of 
the reheaters. However, the over-all cycle performance is gen- 
erally improved not by reheating itself but by the reduction in 
turbine moisture loss and due to the turbine losses occurring 
after the reheat at a higher absolute temperature [refer to 
Eguation (9)}. 

Another interesting fact (although not shown in Table 1) is 
this: If we calculate the ratio of the reduction of availability in 
the combustion gases in the boiler to their reduction in enthalpy, 
we will find the maximum thermal efficiency based on the boiler 
gases is approximately 75 per cent. The loss in efficiency in 
transferring heat from the hot gases to the steam causes the re- 
duction from 75 per cent to approximately 50 per cent as given in 
Table 1. 
between 15 and 20 per cent of the availability supplied in the 


Expressed differently, this means the various cycles con- 


The total losses, in the cycles calculated, amount to 


steam. 
vert from 80 to 85 per cent of the availability in the steam into 
useful output. 

We notice from Table 1 that the pressure losses account for 
0.04 of a point efficiency loss for each per cent pressure drop. 
A per cent pressure drop is worth about 0.04 point (about 6.1 
per cent) efficiency or about 7 Btu/kwhr in heat rate. Fifteen per 
cent pressure drop could account for about {65 Btu in heat 
rate. The internal turbine blading losses, Table 1, account for 
about 5 points, on the average, in (hermal efficiency or about 850 
Btu/kwhr in heat rate. These blading losses are between 40 and 
50 per cent of the total cycle lasses (excluding boiler and auxiliary 
losses ). 


Turbine leaving and exhaust hood losses average about one 


' point in thermal efficiency or about one fifth of the turbine blading 


losses (170 Btu/kwhr in heat rate). 

External leakage losses average about 0.6 point or about one 
eighth of the interna) turbine losses (about 100 Btu/kwhr). 
These losses, of course, depend greatly on the pressure level and 
turbine arrangement and must be weighed against the cycle gain 
due to increased steam pressure. For instance, cycles Nos. 16 
and 15, Table 1, show the external leakage loss to be approxi- 
mately proportional to the throttle pressure (0.46 compared to 
1.18) in going from 2000 to 5000 psi throttle pressure. The 
gain in heat added efficiency in the boiler jumps from 53.07 to 
57.68 per cent (approximately 1.3 points of this increase is due 
to the increased feed temperature). The losses due to inefficiency 
in the boiler feed pump and its driving motor also increase as the 
throttle pressure (and the pump work) increases, partially off- 
setting the thermodynamic gain in going to a higher throttle 
pressure. On an average the pump and motor inefficiency ac- 
count for 0.5 point in thermal efficiency or about one tenth the 
internal turbine blading loss (about 85 Btu/kwhr). 

The mechanical and generator loss averages about 0.7 point 
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Fig. 5 Changes in availability losses due to changes in pressure, temperature, and a second reheat for a turbine of fixed capability 


which is about one seventh the turbine blading losses (120 
Btu/kwhr). 

The feed heating system loses on the average 1.30 points in 
thermal efficiency, 0.1 point of which is due to feed throttling for 
boiler control purposes. The remainder is caused by heat trans- 
fer and mixing the bled steam with the colder feedwater. The 
feed loss averages about 220 Btu/kwhr or about one quarter of 
the turbine blading loss. 

A more detailed insight into the effect of cycle pressure and 
temperature level on the loss distribution is shown in Fig. 5. 

The changes in the heat added efficiency and the changes in the 
various internal losses are shown off to the side of the heat-rate 
eurve. As an example in going from 1000, 1000, 1000 to 1200, 
1200, 1200 F at 2000 psi there is first a gain in thermal cycle heat 
added efficiency (y4) followed by small gains and losses due to 
changes in the other losses. The thermodynamic gain thus ac- 
counts for the principal gains. 

The change from 2000 psi to 5000 psi at 1200, 1200, 1200 F, is 
quite different in that there is a considerable gain in heat added 
efficiency (7,4) a large portion of which is annulled by increase in 
the internal turbine, moisture external leakage, pump and bleed 
mixing losses. Thus only about 60 per cent of the theoretical 
gain is attained. Had the turbine capacity been increased pro- 
portionately to the pressure, the internal turbine and external 
leakage losses would not have increased and absorbed as much of 
the thermodynamic cycle gain. 

Evidently the increase in the feed pump losses even for the 
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same pump efficiency is a basic problem associated with the in- 
crease in cycle pressure. Due to the more difficult pump leakage 
control problems, the pump efficiency is also reduced with increas- 
ing cycle pressure. 


Conclusion 


The previously known concept of availability has been used to 
calculate balances of availability for several steam plants which 
operate at different steam conditions. These balances point out 
in fine detail the loss distribution throughout the plants. A new 
concept “the heat added thermal efficiency”’ n4 has been intro- 
duced which may be useful in analyzing power plants, particu- 
larly the more complicated ones such as the combined steam 
and gas turbine or the combined steam and nuclear power plants. 

Others have in the past advocated power-plant analysis using 
“second law analysis” or “entropy balance’? methods. These 
methods are evidently not widely used today. The present paper 
is another attempt with a different viewpoint and a different 
name, availability balance, to encourage use of these methods. 
It is possible that these more tedious types of analysis will be 
used more frequently in the future since they can be carried out 
quickly on electronic computers. 
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DISCUSSION 
J. H. KEENAN* 


Analytical studies of power-plant cycles based on the sec- 
ond law of thermodynamics often shed light on the relative 
merits of the various details of cycles like reheat, regenera- 
tive feedwater heating, and so forth. The authors’ Table 1 is evi- 
dence to this effect. 

The terminology of this subject, however, has not compleiely 
crystallized. Since some responsibility may rest with the writer 
for the terminology used in this paper, this opportunity is seized 
upon to call attention to a paper® in which he attempted to bring 
some order into the subject. In that paper the suggestion is 
made that the term availability be reserved for what Gibbs, the 
originator of this subject, called “the available energy of the body 
and medium.’’® The availability so defined can never be less 
than zero. 

The quantity called availability by the authors is the maximum 
shaft work in passing in steady flow from the state in question to 
the most stable state of equilibrium with the environment. This 
quantity may be greater than, equal to, or less than zero. 

It appears that, since this paper is restricted to consideration of 
processes of steady flow, it is concerned primarily with a com- 
parison of shaft work realized and maximum shaft work. 

The symbolism employed is in one instance somewhat con- 
fusing. Although 6 is defined as the property (kh — 7s), Ab is 
not, in general, A(h — Ts). 

The purpose of this discussion is to call attention to the more 
recent literature which, in the opinion of the writer, makes this 
subject more orderly and relates the present considerations to 


more general ones. 


G. J. VAN WYLEN’ 


It is encouraging to know that engineers are more and more 
utilizing the concept of availability. This paper represents a 
very worth-while contribution in this direction and the authors 
are to be commended for an excellent job. 

Three suggestions are made which may be helpful for those 
continuing along the general lines of this paper. First of all, 


‘Professor and Head, Department of Mechanical Engineering, 


Massachusetts Institute of Technology, Cambridge, Mass. Fellow 
ASME. 

5J. H. Keenan, ‘Availability and Irreversibility in Thermody- 
namics,’’ British Journal of Applied Physics, vol. 2, 1951, pp. 183- 
192. 

6 ‘The Collected Works of J. Willard Gibbs,’’ Longman. Green, Inc., 
London, England, 1931, p. 53. 

7 Chairman, Department of Mechanical Engineering, University of 
Michigan, Ann Arbor, Mich.Mem. ASME, 
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the term Ab, which is called loss in availability, is rather mis- 
leading because it is necessary to make a distinction between a 
decrease in availability and a loss in availability. For this reason 
it would be better to introduce the term “irreversibility”? which 
is defined in exactly the same way as the authors have defined 
loss in availability. This would avoid the possibility of confusion 
and the term “irreversibility’’ is also a very descriptive term. 

The second point is a rather minor one but it is advantageous 
to consider R to be a constant for a given substance and to intro- 
duce the compressibility factor into an equation. In this scheme 
we write Pv = ZRT where R is the ideal gas constant for the 
particular substance and Z is the compressibility factor which 
indicates the deviation from the ideal gas equation and state. 

The third suggestion is to avoid the term “friction heat’’ and 
instead simply use a term such as dh,, which would represent the 
increase in enthalpy as a result of the irreversibility associated 
with friction as compared to the reversible adiabatic case. The 
reason for this suggestion is that in thermodynamics it is de- 
sirable to reserve the term “heat’’ for energy crossing the bound- 
ary due to a temperature difference and also because, whenever 
possible, it is advantageous to talk in terms of change of a thermo- 
dynamic property associated with a given change of state. 

It. is believed that the introduction of these changes would be 
desirable in future work on this subject. 


AUTHORS’ CLOSURE 


The use of proper terminology for this subject has always been 
a problem to the authors. In fact, the last revision of the manu- 
script prior to presentation was to replace the words ‘available 
energy”’ by the single word “availability”’ as suggested by several 
of the reviewers. This was done in order to conform with pre- 
vious works on the subject and also to avoid a conflict with the 
usage established by power-plant designers who often use the 
words available energy when referring to turbine enthalpy 
drop. Unfortunately, the symbols on Table 1 were not changed. 

The use of b as a symbol for availability and Ab as the symbol 
for losses in available energy is unfortunate. Professor Van Wy- 
len’s suggestion of using “‘irreversibility”’ is a good one. Possibly 
an / could be used as a symbol in an available energy equation. 


Db, + SKE, + TW; = 1 + Dd, + SKE, + SW, 


where 6 = availability 
I irreversibility 
KE = kinetic energy 
W = work 
i = inlet 
o = outlet 


Professor Van Wylen’s suggestion to use dh; in place of dq, for 
friction heat, we feel is good but with the restriction to adiabatic 
constant pressure processes. A well-known expression for work 


may be written as 


W = —dh + dq = vdp — dq; 


Evidently only when dg + vdp = Ois dq; = dh. 

Of course, both Professor Van Wylen’s and our developments as- 
sume adiabatic constant pressure processes. The question is, can 
we generally avoid reference to friction heat by using dh ,? 

The comments of both Prof. J. H. Keenan and Prof. G. J. Van 
Wylen are greatly appreciated and we hope will serve to improve 
the terminology used for this subject. 
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Pulverized-Coal Transport Through Pipes 


Some typical problems related to pulverized-coal transport for steam generators 


R. C. PATTERSON 


Director, Kreisinger 
Development Laboratory, 
Combustion Engineering, Inc., 
Chattanooga, Tenn. 


have been investigated in a long-term test program. 

The investigation has provided information relative to the performance of a commercial- 
type exhauster handling air-coal mixtures, friction factors for 8 and 12-in-diam pipe 
handling air-coal mixtures, general information as to the flow characteristics of air-coal 


mixtures in various piping systems, and methods and means for control of coal drifting 


in horizontal pipe. 


Friction factors in the range of 0.017 to 0.035 for 8 and 12-in. pipe are indicated for 
the usual operating range. 


= of pulverized coal in progressively larger 
steam generators has posed several problems to the designer of 
pulverized-coal-handling Methods of firing have 
changed, and simple extrapolation of the transport techniques for 
relatively small units of 25 years ago either is not feasible or is 
uneconomical for the large units and new firing methods used 
today. 

For more than ten years the author’s company has been in- 
vestigating the problems of pulverized-coal transport. Much of 
the information developed has served as a guide in selection of 
equipment and designation of standards for piping design. Many 
of the more recent problems investigated were not clearly defined 
and recognized at the time the program was started, but became 


systems. 


obvious as the work progressed. 

Typical of the problems encountered in pulverized-coal trans- 
port are: (a) Capacity selection of exhausters; (b) line balancing 
when two or more transport pipes are used in parallel; (c) optimum 
transport velocities to permit line balancing while at the same 
time minimizing erosion of the pipes; (d) control of uniformity of 
splitting of primary air and pulverized fuel streams when one 
transport pipe is divided into two or four or more separate pipes; 
(e) and actual measurement, in commercial installations, of air 
velocities and pulverized-coal weight rates for the mixture flow- 
ing through individual pipes of a parallel arrangement. 

With the general objective of obtaining practical answers to 
the foregoing problems, a test program was proposed and under- 
taken to obtain usable engineering information as follows: 


1 Performance of a commercial exhauster handling air only, 
and performance of the same exhauster handling a commercial 
range of mixtures of pulverized coal and air. 

2 Determination of piping friction losses in the transport of 
mixtures of pulverized coal and air. ° 

3 Development of methods or devices for prevention of erosion 
of transport pipes, particularly at bends or restrictions. 

4 Development of methods or devices for preventing “drift- 
ing” in transport pipes as an aid to reduction of system-pressure 
losses and maintenance of balanced flow in parallel-piping sys- 
tems. 


Item 4 was not in the original agenda, but preliminary results 
for the third piping system indicated the desirability of investigat- 
ing the phenomenon of “settling out”’ or drifting. 

Discussion of attempts to develop portable methods or de- 


Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 15-19, 1958, of THe Ameri: 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, March 11, 
1958. Paper No. 58—SA-24. 
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FAN BLADE 
Details of test exhauster 


FAN WHEEL 
Fig. 1 


vices for measuring coal and air flow individually in a pipe con- 
taining flowing mixtures has been omitted from the published 
version of this paper in the interest of brevity. Such work was 
done, however, and was successful in the measurement of air 
flow. 

All of the test work was to be undertaken on full-size com- 
mercial equipment in order to insure that the results would be 
directly applicable to existing and proposed systems. The pro- 
gram initially was undertaken at the company’s Raymond Di- 
vision in Chicago. The equipment later was moved to the com- 
pany’s new Kreisinger Development Laboratory in Chattanooga, 


Tenn. 


Description of Apparatus 


In the course of the work, four variations of the basic exhauster 
design and seven full-scale piping arrangements were tested. 
The exhauster tests primarily were intended to evaluate the 
effect of wheel diameter and blade shape on the static pressure 
and capacity developed by the basic exhauster design. Modifica- 
tions to minimize blade erosion also were studied. The exhauster 
used throughout the tests was a production-model Raymond ex- 
hauster designated as type COL. The wheel diameters were 34 to 
36 in. and fan speed normally was 1750 rpm or slightly less. This 
is a fan of rugged design used almost exclusively as a mill ex- 
hauster on the smallest of our commercial pulverizers. Features 
of the basic exhauster arrangement are shown in Fig. 1. 

Tests of exhauster performance handling air only, or handling 
mixtures of pulverized coal and air, were made with the arrange- 
ment shown in Fig. 2. This arrangement had considerable 
versatility in that standard clean-air fan tests could be conducted 
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merely by disconnecting the fan-inlet elbow and mounting the 
short horizontal length of full-inlet-diameter pipe shown in 
dotted outline on the sketch. Fan performance in handling mix- 
tures was determined with the arrangement shown in solid out- 
line in Fig. 2. Essentially, this arrangement consisted of the fan 
operating in a loop of 10-in. mixture riser pipe and 14-in. clean-air 
return pipe with a 5-ft-diam cyclone collector installed on the top 
of the loop. A weighing bin and platform scale were mounted 
directly under the cvelone discharge spout to receive the coal dis- 
charge and determine weight rates of the pulverized coal sepa- 
rated from the air circulating in the loop. After weighing, the 
pulverized coal could be dumped from the 1800-lb-capacity weigh 
bin into a 3500-lb-capacity storage bin directly underneath. 

Pulverized coal was fed into the system by a rotary-table feeder 
mounted on the bottom of the storage bin. Coal discharged from 
this feeder by gravity and was sucked into the fan-inlet elbow by 
negative pressure maintained at that location due to system 
operating characteristics. Air flow in the system was regulated 
by a butterfly damper in the 14-in. air-return pipe. Capacity of 
the feeder was approximately 160 lb-per-min of coal. Feed rates 
were adjustable downward from that rate to as low as 20 |b per 
min by means of a variable-speed adjustable pulley drive. The 
coal-feed capacity was more than doubled in some of the later 
tests by addition of a second feeder in parallel. 

The cyclone collector, coal bins, weigh scale, and coal feeders all 
were mounted on a specially designed steel structure some 30 ft 
high by 8 ft sq with necessary work platforms and access 
ladders. 

The central structure, cyclone (or cyclones in later tests), coal 
bins, weigh scale, fan, and feeders were retained virtually un- 
changed in the subsequent testing of several other piping layouts 
derived from earlier test information. 

Only very limited friection-loss information for vertical pipes 
could be determined from the arrangement shown in Fig. 2anda 
somewhat similar double-pipe arrangement not shown. There- 
fore the arrangement shown in Fig. 3 was set up. Later ar- 
rangements, Figs. 4, 5, 6, and 7, were intended to supply some- 
what specialized information on friction losses and coal drifting in 
horizontal and vertical piping with various combinations of long 
and short-radius bends in both the horizontal and vertical planes. 


Testing Procedures 


A detailed description. of testing procedures given in the oral 
presentation has been omitted in the interest of brevity. Standard 
“code”? test methods were used in so far as possible. Several 
novel methods of measurement of flow and coal drifting were 
used where necessary. 


Test Results 


1 Exhauster Performance. Exhauster performance with clean air 
was as expected, since considerable data were available for a whole 
series of exhausters of this particular type. A typical set of 
characteristic curves for the exhauster shown in Fig. 1, handling 
clean air in the test loop, is shown in Fig. 8. These characteristics 
were selected with the exhauster operating in a loop, rather than 
in a free-blow test, in order to simplify comparisons with the 
exhauster handling mixtures in the loop. Only slight differences 
existed between free-blow and loop tests. 

Typical effects of variations in coal feed on exhauster per- 
formance are shown in Figs. 9 and 10. From these curves it is 
apparent that for any given fan-air delivery, the developed static 
head and fan-power consumption are essentially straight-line 
functions of the weight-rate of coal flowing. Points for zero coal 
feed were taken from clean-air tests in the loop. 

Study of the data, which are too voluminous for pertinent in- 
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AIR FLOW-CFM X 1000 
Fig. 8 Exhauster characteristic curve handling air only 
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Fig. 29 Fan performance, relation of static head to weight of coal added 
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clusion, indicates that the nearest approximation of horsepower 
output of a centrifugal fan handling a mixture of pulverized coal 
and air may be obtained from the following equation 
HP = Wxh 
33,000 
where W is the weight of the mixture being handled, in lb per 
min, and h is developed head, in ft, of the carrier air only. When 
mixtures were involved, calculation of horsepower output on any 
other basis gave obviously erroneous results. 
An explanation of the reason for the diverging lines of static 
pressure with increased rate of coal feed, Fig. 9, requires that the 
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Fig. 11 Exhauster characteristic curves handling air-coal mixtures 
pulverized coal and air passing through the fan be considered as 
a nonhomogeneous mixture. At low rates of flow, when only air 
is handled by the fan, much of the kinetic energy in the air as it 
leaves the fan blades is converted to static pressure in the scroll 
by a reduction in air velocity. As the flow of air through the fan 
is increased, the conversion of velocity to static pressure is de- 
creased while the velocity is proportionately higher. With the 
addition of pulverized coal, the energy or inertia of the coal leav- 
ing the fan blades becomes a factor. At high rates of air flow, the 
coal tends to act as a brake on the air in the scroll and a resultant 
loss in static pressure is sustained in maintaining coal velocity 
through the seroll to the fan discharge. At low rates of air flow, 
the inertia of the coal leaving the fan blades tends to have the 
opposite effect. The air acts as a brake on the coal and a re- 
sultant increase in static pressure of the air is obtained in reducing 
the coal velocity through the scroll. The trend of total pressures 
naturally follows the trend of static pressure, so is not shown. 

The foregoing data, replotted as fan-characteristic curves for 
this exhauster handling various mixtures, are shown in Fig. 11 in 
order to give the reader a clearer concept of the effect of pulverized 
coal on over-all fan performance. 

As mentioned earlier, several variations of this basic fan ar- 
rangement were tested to evaluate the effect of wheel diameter 
and blade protection on fan performance. Other than definite 
improvement in blade protection, no radical effects were noted on 
fan performance. 

2 Piping Friction Losses—12-in. Pipe. Friction factors for piping 
are difficult to determine accurately even under relatively ideal 
conditions. To the problems usually encountered in such work 
must be added the complications of drifting in horizontal pipes 
and acceleration and deceleration effects of coal particles in the 
work reported here. Since little control could be exercised over 
these problems, it was necessary to determine friction losses and 
friction factors for relatively long lengths of piping, including 
bends. This strictly empirical approach resulted in voluminous 
pressure loss and drifting data, of which only material of general 
interest will be presented. 

Considering first the 12-in-diam piping arrangement, 
3, reproducible pressure losses and related data for sections CK 
and K&#& were determined. Typical pressure-loss data at a ve- 
locity of 80 fps for these 59 and 56-ft-developed-length sections 
are shown in Fig. 12. The difficulties encountered in obtaining 
reproducible pressure-loss data with heavy mixture densities are 
clearly apparent from these data, particularly for section KR. 
Although the two sections have approximately the same length, 
and almost identical pressure losses when handling air only, it 
can be seen from these curves that section KR has by far the 
higher pressure loss when a dense air-coal mixture is passed 


Fig. 
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PRESSURE LOSS- INCHES OF WATER 


AIR- COAL RATIO 
Fig. 12 Pressure loss versus air-coal ratio of sections CK and KR at 
mixture velocity of 80 fps (12 in. pipe, reference Fig. 3) 


through the pipe. This was true at all velocities tested, 40 fps to 
110 fps. One fact stands out clearly from these data—in a pre- 
dominantly horizontal pipe such as AR, the pressure loss increases 
rapidly if the air-coal ratio drops below 1.5 to 2.0. Air-coal ratio 
is defined as the weight ratio lb-air/lb-coal flowing through the 
pipe in a unit time. 

Friction factors were calculated for sections, CF, KR, and CR 


of Fig. 3. The friction factor used was taken from the equation 


where P is the pressure loss in inches, f is a dimensionless friction 
factor, L and d are the pipe length and diameter in feet, and VP is 
the theoretical mixture velocity pressure in inches wg. 

No attempt was made to determine friction factors for in- 
dividual bends, but sonie general conclusions on the resistance of 
vertical and horizontal pipes and bends will be made later. 

Friction factors for section CK were affected very little by the 
air-coal ratio, but decreased gradually as the velocity increased 
from 40 to 100 fps. At 40 fps the air-friction factor for this section 
was about 0.02, but it decreased to about 0.014 at 100 fps. With 
an air-coal ratio of 1.0 (a very dense mixture in this work) the 
friction factor at 40 fps was only 0.025, and at 100 fps it was 
probably about 0.018 although the data do not include that high 
a velocity for an air-coal ratio of 1.0. The spread of the points 
was not great enough to warrant plotting friction-factor curves 
for section CK. 

Friction factors for sections AR and CR are plotted in Figs. 13 
and 14. Here the influence of drifting on apparent friction fae- 
tors and line losses is quite pronounced. The effect of air-coal 
ratio is considerable, particularly at the lower velocities. At 40 
fps and an air-coal ratio of 1.0 in section AR, the apparent friction 
factor is 0.091, or over four times that for air. Irregularity of the 
curves is due to drifting in the horizontal pipes. The location and 
extent of drifting are influenced by velocity, air-coal ratio, and 
piping arrangement as will be seen later. The general trend of 
these curves seems definite enough to be acceptable. The excep- 
tion is the shape of the curves for air-coal ratios between 1.0 and 
2.0 at velocities over 90 fps. There seems to be a tendency for 
friction factors to be on the increase in that region for no obvious 
reason, but it is difficult to say just how sharp an increase would 
be found if the curves could be extended. Indications are that 
the friction factor in section KR would be less than 0.035 at 100 
fps if the air-coal ratio were kept above 1.5. Similarly, the friction 
factor in long section CR would be about 0.025 under the same 


conditions. 
The friction-loss results for the arrangement of Fig. 3 were 
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Fig.§13  f versus®mixture velocity of section KR (12-in. pipe, reference 
Fig. 3) 
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f versus mixture velocity of sections AC, AD, DF of 8-in. pipe at 
an air-coal ratio of approximately 1.5 


Fig. 17 


largely verified by the results for the arrangement in Fig. 4. In- 
creases of coal-feeder and fan capacity made it possible for the test 
group to get more complete friction-loss data in the high-velocity, 
low-air-coal-ratio range than was possible in the earlier setup. 
Fig. 15 shows the friction factors for section AC of Fig. 4. De- 
veloped length of this section of pipe was 86 ft. These curves are 
very similar to those of Fig. 14 and can be considered identical for 
engineering purposes in the usual range of velocities and air-coal 
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Fig. 5) 


ratios. The differences encountered at the low velocity of 40 fps 
are only of academic interest since this is far below general operat- 
ing velocities. Such differences are indicative of the somewhat 
different drifting characteristics encountered in the two arrange- 
ments. In summary, a friction factor of 0.024 to 0.026 for 
12-in. pipe seems justified in the usual operating range. 

Slightly lower air-friction factors were noted in the later series 
of runs. These were probably the result of the polishing action of 
the coal on the inside of the pipe. 

3 Piping Friction Losses—8-in. Pipe. The arrangements shown in 
Figs. 5, 6, and 7 all were 8-in. pipe. Pressure losses and friction 
factors for the pipe in these arrangements showed the same general 
trends as previously found for 12-in. pipe. However, the results 
were surprising in that air-friction factors for 8-in. pipe tended 
to be significantly lower than would be expected from published 
data.!| Mixture friction factors for 8-in. pipe also were generally 
lower than for 12-in. pipe. 

Fig. 16 shows over-all friction factors for the large loop of the 
Similar over-all results were ob- 
Fig. 17 is a con- 


piping arrangement of Fig. 5. 
tained for the arrangements of Figs. 6 and 7. 
densation of friction-factor results at about 1.5 air-coal ratio for 
relatively short sections of piping in Figs. 5, 6, and 7 each of which 
include horizontal and/or vertical bends. The relatively high 


1L. F. Moody, “Friction Factors for Pipe Flow,” Trans. ASME, 
vol. 66, 1944, pp. 671-684. 

R. J. 8. Pigott, ‘Pressure Losses in Tubing, Pipe, and Fittings,” 
Trans. ASME, vol. 72, 1950, pp. 679-688. 
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resistance of downward-flow vertical bends and of horizontal pipe 
immediately following downward-flow vertical bends are ap- 
parent from comparison of these curves. ‘ 
Vertical-pipe friction factors for upward flow are shown in Fig. 
18. These curves are a composite of vertical-pipe results from the 
8-in, and 12-in. piping arrangements. The low resistance of 
vertical pipes as compared to horizontal pipe is one of the sig- 
nificant results of this work and must be reckoned with by the de- 
signer. No results are available for downward flow in a vertical 
pipe since this is an arrangement seldom used in our modern de- 
signs. The expectation would be that downward flow would have 
an even lower friction factor than upward flow. Since the designer 
is usually concerned with over-all system resistance, major 
emphasis has been placed on interpretation of results for long 
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lengths of piping in the various setups. This includes com- 
monly used combinations of horizontal pipe, vertical pipe, and 
bends in various positions. On that basis, resistance of in- 
dividual bends and relatively short lengths of pipe are primarily 
of academic interest, and design of piping systems based on 
average friction factors for long loops of these various piping ar- 
rangements is adequate. A friction factor of 0.017 to 0.018 for 
8-in. pipe seems justified under these conditions in the usual 
operating range. 

4 Drifting. Distinct similarities were noted in the drifting pat- 
terns obtained in 8-in. and 12-in. pipe. This proved to be a 
phenomenon which was directly related to velocity, air-ccal 
ratio, and disturbances to flow in the pipe. However, it also 
appears from the data that 12-in-diam pipe in multiple parallel 
circuits would be subject to less unbalancing of cireuits and 
danger of line plugging than would 8-in. pipe. As successive 
piping arrangements were tested, it became evident that virtually 
any conceivable disturbance to flow could produce drifting in a 
horizontal pipe downstream from the disturbance. 

The effect of bends on drifting was of principal interest since 
bends would be the only disturbances encountered in horizontal 
portions of the piping arrangements generally used. These data 
were of particular interest since the pulverized coal used in the 
tests was extremely fine by commercial standards due to continual 
re-use and attrition of the coal “charge’’ in the system. For pur- 
poses of interpretation of the data, the coal fineness in all tests 
could be considered to be 99 per cent through 200 mesh and 90 per 
cent through 325 mesh (Tyler screens). It would be impossible 
to run tests in.a loop such as this with commercial pulverized-coal 
sizing, due to continual attrition. A once-through system with 
100 per cent make up of freshly pulverized coal would be neces- 
sary—a very expensive procedure for tests on this scale. 


Several checks were made during the course of the tests to de- 
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termine the effect of addition of coarser coal in sizable amounts. 
This was carried to the point of making check runs immediately 
after the addition of 50 to 75 per cent raw slack coal to the bins. 
Except in the case of raw-slack additions, there was no appreciable 
effect of coarser coal on pressure losses and drifting characteristics. 
Immediately after the addition of raw slack, however, there was 
a noticeable increase in system-pressure losses and some increase 
in drifting following bends that tended to be the worst offenders. 
Such effects usually disappeared within 30 minutes to an hour, 
and could logically be attributed to the presence of considerable 
extremely coarse (}/s to !/;-in.) coal before it was broken down 
to smaller sizes by attrition. 

Table 1 shows the location, extent, and severity of drifting in 
horizontal pipes following the various types of bends used in the 
tests. The severity of drifting which occurred in many instances 
at the higher velocities was surprising, although it had been ex- 
pected at the seldom-used lower velocities. 

Typical sets of longitudinal drifting patterns for horizontal 
sections of 12 and 8-in. pipe following a 90-deg horizontal bend 
are shown in Figs. 19 and 20. These patterns are typical of scores 
of similar patterns developed for horizontal piping following all 
the bends tested. They show in pictorial form the patterns of 
drifting for only two of the many tests which have been broken 
down into numbers in Table 1. Complementing these longitu- 
dinal patterns are the cross-sectional profiles of drifting developed 
for a 135-deg 12-in. bend and for the 90-deg 8-in. bend of Fig. 20. 
These cross-sectional profiles are shown in Figs. 21 and 22. 

These profiles, together with the data of Table 1, enable us to 
propose some rules regarding drifting in 8 and 12-in. pipe. It 
seems safe to assume that the same rules would apply to all pipe 
sizes in the range of 6 to at least 15 in. 

For constant velocity and variable air/coal ratio: (a) Drifting 
moves closer to its “‘source’’ bend as ACR increases; (b) the 
maximum depth of drifting is relatively constant regardless of 
air/coal ratio; (c) following bends of 90 deg or less, the length or 
extent of drifting and total amount of drifted coal are fairly con- 
stant regardless of air/coal ratio; (d) following bends of greater 
turning radius than 90 deg, the length or extent of drifting, and 
total amount of drifted coal tend to decrease substantially as air/ 
coal ratio increases. 

For constant air/coal ratio and variable velocity: (a) Drifting 


SFT. 


E hae OF 90° HORZ. BEND 


OFT 


moves closer to its source bend as velocity decreases; (b) maxi- 
mum depth of drifting either remains constant or increases slightly 
as velocity decreases; (c) the extent and total amount of drifted 
coal either is constant or increases slightly as velocity decreases. 

On a cross-sectional area basis, the tendency toward drifting is 
so much greater in 8-in. pipe than in 12-in. pipe that some of 
these general rules are difficult to visualize from Table 1. 

The data are quite definite in showing that it is difficult, per- 
haps impossible, to accumulate drifted coal to a depth of more 
than 1/; the pipe diameter inside a 12-in. pipe. On the other 
hand, we had numerous cases in which coal drifted to a depth at 
more than 1/2 the pipe diameter inside an 8-in. pipe. Thus it 
appears that, for multiple parallel circuits, the larger pipe 
diameters would be considerably safer from the danger of exces- 
sive drifting and plugging than would small-diameter pipe. We 
know very little of the flow patterns assumed by coal particles and 
air in this type of transport. Spiraling flow and undulating flow 
can be postulated following certain bend patterns. The effect of 
centrifugal forces in secondary flow through elbows is probably 
the principal contributor to drifting, but gravity effects can not 
be neglected in long horizontal runs. The distance to the ‘floor’ 
of an 8-in. pipe is considerably less than in a 12-in. pipe. In cases 
of drifting to a depth of 4 in. inside a pipe, the ratio of maximum 
height through which a coal particle must move to be deposited 
in a drift is 2 to 1 in favor of 12-in. pipe as compared to 8-in. pipe. 
The height ratio for settling is always favorable to larger pipe 
diameters. 

The progressive cross-sectional profiles invariably indicate a 
swirling flow pattern of the coal particles within the pipe. This is 
a complicating factor in drifting which we have made no attempt 
to evaluate. It is interesting to note the consistent differences in 
cross-sectional profiles for 8 and 12-in. pipe. Such profiles tend to 
be concave at the free surface in 8-in. pipe, whereas they tend to 
be convex at the free surface in 12-in. pipe. The reason for this 
is not obvious. 

The observed differences in drifting may furnish a clue to the 
reason for lower apparent friction factors in 8-in. pipe than in 12- 
in. pipe. All the evidence seems to indicate’that coal loading in an 
8-in. pipe is much heavier in the bottom half of the pipe than in 
the top half. In fact, a majority of the coal particles may flow in 
the lower portion of the pipe in a fairly dense mixture at considera- 
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Fig. 22 Representative cross-sectional profiles of coal drifting in 8-in. pipe 
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Table! Table of drifting characteristics downstream from bends in 12-in. 
and 8-in. pipe 
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bly lower velocity than the main air stream. This flow may be 
in somewhat of a wave motion requiring relatively little energy 
from the air to keep it moving. Drifting and pressure-loss data 
for the two pipe sizes indicate that this is a distinct possibility. 
Although the data of Table 1 may seem to give cause for con- 
cern, it must be remembered that the loops that were tested were 
arranged to obtain the maximum information with the minimum 
number of setups and tests, and do not represent commercial in- 
stallations in themselves. 

The study of the data that has been made indicates many 
“outs.’’ For instance, Table 1 shows that, in the usual degrees of 
turn, velocity, and air/coal ranges, downward-flow vertical bends 
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immediately followed by horizontal pipe are by far the worst 
offenders in causing objectionable drifting. However, downward- 
flow vertical bends are seldom, if ever, used except immediately 
adjacent to burners. As a result there is insufficient length of 
horizontal pipe following such bends to permit significant drifting 
to occur in a commercial installation. 

Upward-flow vertical bends in the range of 90 deg are com- 
monly used, but there seems to be no tendency toward apprecia- 
ble drifting following such bends regardless of the length of 
horizontal pipe following the bend. 

Bends in the horizontal plane appear to require careful planning, 
since horizontal bends of various degrees of turn are commonly 
used, and such bends frequently are followed by long lengths of 
horizontal pipe. Fortunately, since the amount of drifting grows 
progressively greater as the degrees of turn increase, there seldom 
is need for more than a 90 deg turn in a horizontal bend. The 
amount of drifting following horizontal bends of 128 to 184 deg 
is virtually prohibitive of their use even in the 70 to 90 fps and 1.5 
to 2.0 ACR range. At velocities below 70 fps use of such large 
degrees of turning in a horizontal bend could cause catastrophic 
line plugging in 8-in. pipe. 

On the other hand, horizontal bends of 90 deg or less cause only 
tolerable drifting, if any, when velocities are maintained well 
above 70 fps and air-coal ratios are maintained in the range of 1.5 
or higher. Interestingly enough, these limitations are applicable 
to bends of turning radius R = 5d. If the turning radius is re- 
duced, the danger of drifting following the bend is significantly 
reduced. Horizontal bends or R = d or R = 1'/sd show very 
little tendency to cause drifting downstream at normal velocities 
even with extremely dense mixtures (low air/coal ratios). Un- 
fortunately, this benefit of very-short-radius bends is accom- 
plished with considerable penalty in pressure loss as compared to 
more gradual bends, so their use must usually be restricted to 
special cases in order to conserve available head in the system. 

In general, all bends may be safely used if the velocity, air/coal 
ratio, and amount of horizontal pipe following such bends conform 
to the obvious safe values which may be screened from Table 1. 
Although not an infallible rule, it was generally true that drifting 
initiated by a given bend would be dissipated by a second bend 
downstream, rather than continue into the second bend. This 
was illustrated in many series of tests in which a progressive 
movement of drifting downstream from a bend (as velocity or 
air/coal was varied) was eventually dissipated by movement 
into the following bend in the loop. 

5 Erosion and Drifting Preventives. [rosion was never a problem 
in these tests, but under certain conditions in commercial installa- 
tions, erosion can be a problem. Troublesome erosion is generally 
limited to bends and other devices in which a change of direction 
or velocity is encountered. As a general rule, excessive erosion 
of bends will not occur with the generally used pulverized coals of 
the United States unless line velocities in excess of 90 fps are 
Prevention of bend erosion is most easily accomplished 
Where special coals or 


used. 
by maintaining velocities below 90 fps. 
chars, or unusual velocities, make it necessary, bends can be ade- 
quately protected by use of cast wear-resistant-alloy elbows or 
by use of replaceable kicker blocks or steps. These blocks are 
bolted into the elbows at suitable locations to take the wear and 
also redistribute the coal somewhat in the air stream. Exact loca- 
tion of such kicker blocks in any given installation is dictated by 
the piping configuration before the bend to be protected. Brief 
tests of the benefit of kicker blocks in downward-flow vertical 
bends, showed that one or two properly located blocks would 
prevent or reduce drifting for a considerable distance downstream 
from the bend at no penalty or benefit to system-pressure loss. 
Pressure-loss advantage gained by elimination or partial elimina- 
tion of drifting by the blocks was almost exactly offset by in- 
creased pressure loss in the bend and immediately after the bend 
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due to re-entrainment of coal in the air stream. These tests were 
made with blocks or steps of 2-in. rise in an 8-in. pipe. 

The best drifting preventive is maintenance of adequate line 
velocity and air-coal ratio. At design capacities, velocities in 
the range of 70 to 90 fps and air/coal ratios in the range 1.3 to 2.0 
permit considerable latitude in piping layouts. 


Conclusions 


The performance of various components of pulverized-coal- 
transport systems have been investigated and some flow charac- 
teristics of pulverized-coal and air mixtures have been developed. 
Many of the flow-characteristic data are empirical in nature since 
the work was aimed primarily at the solution of specific problems, 
and there is virtually no published information with which to com- 
pare these results. 

Radial-blade fan performance, as influenced by passage of 
pulverized coal through the fan, has been described in detail. 
Horsepower output of the fan is a direct function of the dust load- 
ing imposed on the fan. Static head developed by the fan is a 
complex relationship dependent on both air output and dust load- 
ing. 

Friction factors have been developed for representative ar- 
rangements of 8 and 12-in-diam pipe. Friction factors of 0.017 
to 0.035 appear reasonable for representative piping systems, but 
the use of a specific factor must be tempered with a knowledge of 
the drifting characteristics which may be encountered in a given 
arrangement under design flow conditions. 

Information as to the drifting characteristics of pulverized coal 
in transport pipes has been accumulated for several different pip- 
ing arrangements. All bends or obstructions, which cause dis- 
continuities in flow, will set up characteristic drifting patterns in 
horizontal, or nearly horizontal, pipe. Therefore, piping lay- 
outs, particularly those incorporating parallel circuits, must be 
carefully planned to cireumvent drifting and danger of line plug- 
ging. This can be done using “rules of thumb” outlined in the 
body of the paper. 
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DISCUSSION 
M. WEINTRAUB? 


This paper is a welcome addition to the literature on pneu- 
matic transport of powders, because it provides specific infor- 
mation on pulverized-coal transport in concentrations usually 
present in transport between pulverizers and burner nozzles; 
i.e., air-to-coal ratios of 12 lb of air per lb of coal to 1 lb per lb. 
Such specific data are needed because no all-inclusive theory has 
yet been developed that is applicable to different materials in a 
range of pipe sizes. One limitation in wider application of this 
paper is indicated by the use of a single coal size that was apprecia- 
bly finer than industrial usage because of recirculation and attri- 
tion, although the statement that only in extreme cases did the 
addition of coarser coal have an appreciable effect is encouraging. 

? Chemical Engineer, Combustion Section, Bureau of Mines, U. S. 
Department of the Interior, Pittsburgh, Pa. 
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The high percentage of fines raises a question as to whether the 
cyclone was efficient enough to insure that the air to the metering 
orifice was sufficiently clean to provide accurate flow measure- 
ments. 

The author provides an interesting and quite plausible descrip- 
tion of the action of the solids in sometimes assisting and some- 
times retarding the air flow from the exhauster. This, however, 
does not explain the relation shown in Fig. 11, wherein a small 
amount of coal injected into the 2000-cfm stream could cause a 
decrease in static head, while a larger amount causes an increase. 
A less complex relationship is shown by using feet of fluid flowing 
rather than inches of H,O as a measure of static head. This value 
of head is also required in computing horsepower output and ef- 
ficiency since the basic equation 

PV 


HP > lb psf X cfm _ 


33,000 ft-lb per min per HP 


may be transformed by substituting 
P =hpand V = W/pto yield the equation used by the author: 
Wh 
RP a ee 

33,000 
In this transformation, W, h, and p must refer to the same fluid, 
the mixture of coal and air, in order that p shall not appear in the 
derived equation. 

As shown in the accompanying Figs. 23 and 24, this introduc- 
tion of the stream density eliminates the minima and the diver- 
gences exhibited in Fig. 11 and the disturbing ‘crossover’? shown 
by the efficiency curves of Fig. 13. The crossovers shown in Fig. 
23 are due to the use of the coal-flow rate, rather than a function 
of density, as the abscissa, as is demonstrated in Fig. 25, in which 
the head is plotted directly against the mixture density. The 
lower efficiencies, shown in Fig. 24, like the decrease in head with 
increasing density, shown in Fig. 25, reflect the fact that the fan 
cannot handle two phases with the same facility as a homogeneous 
stream. 

The value of the friction-factor data for the various pipe con- 
figurations has been mentioned before. It may be instructive to 
compare this work with a recent report’ in which the friction 
factor in 1/2-in-diam straight pipes for air conveying 400-mesh 
glass beads was found to be about 0.015 for an air/solid ratio of 
1.0. In connection with the writer’s earlier comment on the 
effect of particle size, it may be noted that these investigators 
found that, when the particle size was increased by a factor of 
2'/s, the friction factor increased almost proportionately, and the 
entire mechani m of transport seemed to be altered. The writer 
would like to inquire whether consideration has been given in the 
calculations to the hydrostatic head of the suspensions in vertical 
runs. He estimates that this might exceed 0.5 in. HO in a 25-ft 
height. 

The data on drifting are not only of highly practical value but 
suggest the probable mechanism of solids flow around bends. 
Centrifugal action throws the solids out of the fast-moving 
stream into the boundary layer on the outer radius. In upflow 
around a bend, the solids, after completion of the directional 
change, fall back into the main stream. In downflow, gravity 
helps to ma ntain the phase separation. A given gas velocity will 
impart the same centrifugal force to all particles; however, the 
heavier concentrations, after compacting against the outer 
radius, will offer less air and frictional resistance per unit mass of 
material than lighter concentrations, and hence will travel farther 
down the pipe. As the solids are slowed during this travel, local 
concentrations may increase to the point where choking occurs, 


IN. C. Mehta, J. M. Smith, and E. W. Comings, ‘‘Pressure Drop 
in Air-Solid Flow Systems,’ Industrial and Engineering Chemistry, 
vol. 49, 1957, pp. 986-992. 
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and at very high concentrations and low flows an additional drift 
may be created, such as is evidenced in the bottom diagrams of 
Fig. 22. 

Many other effects exhibited in the author’s Table 1 are simi- 
larly explainable by consideration of the amount of centrifugal 
force generated under various flow conditions. This leads to the 
suggestion that small properly placed jets of air may drive the 
drift out of the boundary layer and back into the main stream. 
Another point worth investigatins would be whether proper 
proportioning of velocity and radius of curvature could improve 
the drifting characteristics of large-angle bends. It should be 
noted that Table 1 shows that the position of the drift following 
the 184-deg bend is intermediate to the positions following the 90 
and 135-deg bends. The author notes also that drifting is reduced 
by using smaller values of R/d. On the other hand, it is obvious 
that drifting is also reduced at infinite values of R/d and it may 
be the case that the value of R/d = 5 used in this investigation is 
close to the worst possible ratio. 


RICHARD B. ENGDAHL‘* 


This paper is most welcome because of the inordinate time 
which has been consumed in many large installations in the past 
in attempts to compensate for maldistribution of fuel and air 
flow and for drifting of coal in multiple burner systems. The 


4 Division Chief, Battelle Memorial Institute, Columbus, Ohio. 
Mem. ASME. 
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author is further to be commended for making available in this 
paper so much of what he and his associates have learned in 
this long period of research. 

The results are particularly illuminating in helping in part to 
explain why some attempts to meter the flow of coal-air mixture 
in large systems have been unsuccessful. Where the metering 
depends on the acceleration of the air and coal particles, if dis- 
turbances ahead of the metering elements produce drifting or if, 
as the authors point out, segregation of flow in the lower half 
of a pipe occurs, metering is likely to show large and erratic 
errors. 

On the other hand, in small pipes where drifting is less likely 
and uniform flow can be promoted by long runs rather than by 
special mixing devices, metering has been successful. 

In various laboratory projects on pulverized coal the problem 
of plugging of pressure taps by drifted coal in the tap tube has 
been easily solved by use of porous stainless steel plugs inserted 
in the pressure-tap openings. 

The unique and ingenious air-velocity probe and drift depth 
meter should prove of great value to all who have the problem 
of balancing multiple burner systems. 

It is to be hoped that the author’s excellent work can be carried 
on to develop devices for effective control of the uniformity and 
rate of flow of coal-air mixtures. 


J. B. GRAHAM? 


The author is to be congratulated on a very fine paper and 
very excellent handling of a difficult subject. As anyone in 
the field of pneumatic conveying knows, the information in this 
field is meager and worth-while contributions such as this are 
welcome. 

We have been interested for some time in similar problems of 
conveying particulate matter in an air stream. Our experience 
along this line prompts us to call attention to several items in 
this paper. Under the heading Test Results and the sub- 
heading Exhauster Performance there is an explanation of the 
reason for the diverging line of static pressure with increased 
rate of coal feed. This particular section of the paper treats 
the energy or inertia of the coal leaving the fan blades, and 
explains how the inertia of the particle affects the static pressure 
developed in the fan. We would like to call attention to the 
fact that one important parameter of this action has been omitted 
and that is the effect of particle size on the development of 


5 Research Department, Buffalo Forge Company, Buffalo, N. Y. 
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static pressure. The problem of whether the particle imparts 
energy to the air or whether the air is required to impart energy 
to the particle is due, to a great extent, on the particle size. 
Therefore, it would be most helpful to those of us working in this 
field if the author could give a little more detail on the particle 
size used in this test, especially during those tests where this 
particular phase of the program was studied. 

Also, in handling material within the fan wheel, it is of consid- 
erable interest to know whether the material tends to concentrate 
in any part of the blade passages. If there is separation or con- 
centration this produces nonuniform flow within the fan wheel 
and may in some instances cause recirculation. The present 
test is not involved in detail studies of flow within the fan wheel, 
but we would like to ask the author whether he found any indica- 
tion of concentrated coal flow by observing erosion patterns on 
the wheels used in this test. 

The author states that various fan wheels were used in this 
test, and that evaluations were made on the effect of wheel di- 
ameter and blade protection on fan performance. The author 
states that improvement in blade protection was noted. It 
would be interesting to know what shape blades afforded the 
best protection during these tests. It has been our observation 
that fan wheels having the highest static efficiency were in general 
the blades that had an inherently high blade-protection value. 
In Fig. 1 the author shows the sketch of the exhauster used on 
these tests. He indicates one type of fan wheel, namely, a flat 
bladed whee!. We are especially interested to know whether 
he tried any curved bladed wheels, since in our experience this 
has afforded definite improvement in a number of cases. 

There is a minor point we would like to bring out in connection 
with Fig. 2 and some of the subsequent figures. The substitution 
of the straight inlet duct for fan tests for the elbow used on 
the recirculating portion of the test is not completely valid. 
The straight section affords a good inlet condition for the fan, 
while the elbow used in the test will affect fan performance and, 
therefore, appears as an unaccounted for variable in the fan- 
performance figures. We simply want to call attention to this 
minor discrepancy in case some unaccounted for errors appeared. 
We do not feel that under the test conditions the error due to 
this elbow would be an important factor. 


AUTHOR'S CLOSURE 


The points which the discussers raise all are interesting and 
illustrative of the broad nature of the whole problem of pneumatic 
transport. 

Mr. Graham’s question regarding the effect of particle size 
on the static pressure developed by a fan cannot be answered in 
any more detail than already given in the paper. The coal fine- 
ness in all tests can be considered to be of the order of 99 per cent 
through 200 mesh, 90 per cent through 325 mesh. I would expect 
a natural particle-size distribution, but we did not refine the 
work to the degree of determining complete particle-size distribu- 
tion. It can be said, however, that the fan-test results have 
proved useful over the years in predicting our fan performance 
with commercial pulverized coal. 

No wear or erosion patterns ever were observed on the test 
fans. Despite voluminous testing, the operating hours were not 
significant compared to those logged by a commercial fan in con- 
We just did not run the fans long enough to 
get significant wear. We have tested curved blade fan wheels in 
our general fan performance evaluation work, but we have no 
wear information on curved blades and have never to my knowl- 


tinuous operation. 
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edge used anything but a flat-bladed radial-type wheel in our 
commercial work. We have found that use of “protected” or 
whizzer-type fan inlets consisting of an annular pick-off at the 
fan inlet and short, radial-angle iron blades bolted to the inlet 
shroud of the wheel results in good main blade protection. 
Some loss in fan performance results, but short-circuiting of a 
large portion of the coal away from the main fan blades and 
through the stub blades is quite effective in reducing wear. 

Mr. Graham is quite correct in pointing out that substitution 
of straight inlet duct fan tests for tests with an inlet elbow in 


a recirculating system is not completely valid. We conducted 


the straight inlet duct tests to give us a basis for comparison of 
loop tests (including inlet elbow) with our usual standard free- 


blow fan tests. The only clean air fan test reported in the paper 
is that of Fig. 10 with the exhauster operating in a loop. We 
did not feel justified in reporting the free-blow tests in this paper, 
although only slight differences were found. 

The author is familiar with some of the work done at Battelle 
by Mr. Engdahl and his associates and hopes that they will find 
much that is useful to them in this work. Our chief regret is 
for the unavoidable delay in making our information available. 

Mr. Weintraub’s comments and supplementary calculations 
and plots are quite pertinent and extremely useful as a more 
generalized approach to fan performance than was attempted in 
the paper. We do not consider the ‘“crossover’’ of efficiency 
curves to be as disturbing as does Mr. Weintraub since we are 
able to apply the results more directly to pulverizer and exhauster 
performance than would be the case if we had to evaluate the 
results in terms of transport of other materials of substantially 
different physical properties. Similarly, the variations in static 
head which Mr. Weintraub cites for Fig. 11 are principally of 
academic interest to us since the dust loadings in the range for 
which he works out an explanation are far outside the usual 
commercial range. Mr. Weintraub’s analyses will have consid- 
erable interest to those attempting generalized correlations 
with other work. 

We have not attempted calculations of hydrostatic head in 
vertical pipe, but such heads could well be 0.5 in. H,O in 25 ft 
depending on air-coal ratio and uniformity of mixture. Mr. 
Weintraub’s comments on separation and drifting are quite 
interesting, and generally agree with our impressions of the 
mechanisms of drifting. Use of air jets to re-entrain drifts would 
have to be investigated experimentally to determine usefulness. 
Source of such air would be one problem in a commercial system, 
and some of our results indicate that the jets might create drifting 
elsewhere. Selection of elbow R/d must be done on the basis of 
several factors other than drifting alone, system pressure loss 
being the major item. Since line length proportioning can be 
used in most cases to minimize drifting in our work, we utilize 
that approach wherever possible. Small R/d ratios are used 
where necessary and feasible. 

Mr. Weintraub’s question as to accuracy of a metering orifice 
in a dust laden stream was answered in the original uncondensed 
version of this paper. Briefly, an orifice differential is not signifi- 
cantly affected by presence of dust in the air stream, even at 
high mixture densities (low air/coal ratios). In addition, cvclone 
collector efficiencies are quite high, perhaps 99 per cent, in the 
heaviest mixture density range in which the tests were con- 
ducted, 

The probable cause of early cessation of drifting following the 
184-deg bend was lack of sufficient length of horizontal pipe to 
accommodate the natural amount of drifting which would have 
occurred if the straight horizontal run had not ended. 
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E. DAMAN! 
H. PHILLIPS? 
J. VAIL? 

S. LING! 


Operating Results of an Experimental 
Supercritical Steam Generator 


This paper presents some of the results achieved with a 2000 lb/hr supercritical pilot 


plant after 5000 hours of operation. 
final steam temperature on corrosion rate are presented. The paper also describes a 


Data on water side conditioning and the effect of 


successful automatic control system which was developed. Tests and test results from 
control runs are presented and it is shown how these results can be applied to the design 
of central station once-through steam generator control systems, 


Description of Plant 


I. ORDER to obtain information needed to design 
once-through central station steam generators, operating at sub- 
critical and supercritical steam conditions, a pilot plant was 
erected and operated at the Carteret Laboratory of the Foster 
Wheeler Corporation. This plant has been in operation since 
1956, and, as of January, 1958, has operated about 5000 hours. 

The main objectives set for investigation were as follows: 


1 Water treatment 

2 Control 

3 Circuit stability 
This paper will discuss some of the experimental results obtained 
under the first two items. 
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The test loop is shown in Fig. 1. The plant is designed to gen- 
erate 2000 pounds of steam an hour at pressures and tempera- 
tures up to 5500 psi and 1200 F. Water from the reciprocating, 
variable stroke, feed pump passes through a pipe-within-a-pipe 
feedwater heater, a nonreturn valve, and through the generator 
in two parallel circuits. Leaving the generator, the steam is 
metered by an orifice and reduced in pressure by a flow con- 
trol valve (FCV), which simulates the action of a turbine throttle 
valve. After being used for feedwater heating, the steam is re- 
duced in pressure through a pressure control valve (PCV), and 
the heat is rejected by condensing the steam in a spiral tube ime 
mersed in a tank of water boiling at atmospheric pressure. The 
condensate is metered, subcooled, and returned to the feed pump 
suction. The feedwater temperature is controlled by varying the 
opening of the temperature control valve (TCV). 

The make-up feedwater is obtained by condensing steam from 
the plant heating boilers. It is demineralized in a mixed bed ion 
exchanger and sprayed into a deaerator and feed storage tank. 
Heating steam for the deaerator is provided by the evaporation 
of deaerated water by the means of an external heat exchanger. 
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The external heat exchanger is necessary to avoid contamination 
of the make-up water. 

‘jy’ . . ” . . 

The steam generator with side panels, furnace insulation, and 
with two platens removed for inspection is shown in Fig. 2. The 
unit is fired with distillate oil from the top and the gases pass 
downward through a tangent tube furnace two feet square and 
thirty inches long, and then over tubes arranged in seventeen 
platens, two of which are shown in Fig. 3, with one platen par- 
tially dismantled. Each platen consists of two horizontal layers 
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of tubes. Connections between platens are made through ex- 
ternal headers. 

There are two independent water circuits in the generator, each 
about 500 ft long, which are connected only at the inlet and at the 
outlet of the generator. Feedwater entering the unit passes 
through a platen located below the furnace, forming the exit 
sereen. It then goes to the bottom of the unit and passes upward 
through ten convection platens in series. Carbon steel tubes are 


used throughout these platens. After leaving the last convection 
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platen, the steam passes through the chrome moly tangent fur- 
nace tubes. The steam leaving the furnace then passes through 
two type 321 stainless steel superheater platens, and then 
through four type 316 stainless steel superheater outlet platens. 
All tubing has a 0.75-in. outside diameter with a 0.165-in. wall, 
except for the four type 316 stainless steel platens which have a 
wall thickness of 0.22 in. 


Fig. 4 shows the pressure and temperature of the fluid as it 


passes through the unit during a typical full load run at 3750 psi, 
This figure also gives 


with a temperature of 1050 F at the outlet. 
circuit length and residence time, as well as the tube material of 
each section. Particular emphasis was placed in the design to 
insure a unit in which the rate of heat absorption and the pressure 
gradient in the tubes are similar to those in large once-through 
boilers. Headers are located in such a way that by a simple re- 
arrangement of external piping the flow path of the water may be 
altered, 

The main control panel is shown in Fig. 5 with the boiler oper- 
ating at a pressure of 3750 psi and 1100 F for a water treatment 
run, and shows the automatic control equipment, simplified 
schematic plan.diagram, and supervisory instruments. The plant 
is completely automatic in operation. 

The plant is started up by pressurizing the generator above 
3500 psi with feedwater control valve (FCV). The feedwater flow 
is held constant and the firing rate is increased until the desired 
temperature is obtained. The generator is normally put on the 
line from a cold condition to 900 F steam outlet temperature in 
one hour. Quick start tests have been conducted, with the start- 
up time reduced to eighteen minutes. Shut-down time is limited 
by the ability of the control valves to undergo rapid temperature 
changes without flange leakage. The generator has operated 
about 5000 hr, most of this time above the eritical pressure. For 
the remainder it was operated at outlet conditions of 2400 psi and 
1050 F. 

Besides the usual instruments, temperatures and pressures can 
be measured at 18 points in each loop. Provision for fluid sam- 
pling has been made at six points. An aspirated, water-cooled 
thermocouple probe measured gas temperatures at the furnace 
outlet and at the generator outlet. Fluid pressures were measured 
at each platen with a precision pressure indicator. Fluid flow, 
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pressure, temperature, conductivity, dissolved oxygen, and hydro- 
gen recorders are provided for steady state and transient tests. 


Water Treatment Investigation 


Successful operation of a supercritical steam generator depends 
to a large extent on the quality of the water supplied. This water 
must be practically free from total solids and exhibit minimum 
corrosive tendencies. In order to meet these conditions, the 
water in the test unit was maintained within the following typical 
limits for the first 3600 hr of operation: 


pH at 25C.... 
Dissolved oxygen 
Iron as Fe... 

Silica as SiOz... 
Ammonia as NH. . 
Total dissolved solids. 
Copper as Cu.... 


..9.0-9.5 

0.007 ppm 

0.005-0.010 ppm 

0.010—-0.020 ppm 

1.5 ppm 

0.25 ppm 

Trace 

Little difficulty was experienced in maintaining these limits 
with the exception that, initially, final steam temperature was 
limited until the silica concentration was reduced. It was neces- 
sary to operate the unit for a few weeks before the silica was re- 
duced to the required concentration. 

At the end of 3600 hr of operation at 3750 psi and 1050 F final 
steam temperature, tube sections were removed for visual and 


metallurgical examination. This inspection revealed the follow- 


ing: 

1 There was no evidence of localized corrosion (pitting). 

2 The internal tube surface, irrespective of the material, was 
covered with a fairly uniform, extremely thin coating of black iron 
oxide. The maximum thickness of the scale measured as follows: 


0.0009 in. 


0.0007 in. 
0.0015 in. 


a Carbon stee) tubing 


b Chrome moly. 
ce Stainless steel (316) 


Considerable effort. was expended in trying to determine a cor- 
rosion rate of component parts of the steam generator and the 
system as a whole. This effort was largely unsuccessful. The 
lack of success was due to the inability to repeat iron analyses 
taken at 5 and 10-min intervals during steady-state conditions. 
The fadure to reproduce these iron analyses was not considered to 
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be primarily due to analysis technique. There was no significant 
difference between the iron concentration in the water before and 
after components of the unit (screen, furnace, etc.) or the unit 
considered as a whole; therefore, a corrosion rate could not be 
determined, For the most part, the iron values varied between 
5 and 10 ppb when operating with the boiler water conditions as 
noted previously, at an output of 1300 lb of steam an hour. The 
average blowdown rate during this period was approximately 
130 lb/hr. 

An attempt was made also to determine corrosion rate of the 
test unit by determining the dissolved hydrogen concentration in 
the water. This was done by passing a part of the blowdown from 
the system through a Cambridge Oxygen-Hydrogen Analyzer. 
Fig. 6 is a plot which shows the relation between hydrogen 
concentrations and the final steam temperature at various con- 
stant blowdown rates. The following conditions were maintained 
when obtaining these results. The steam generator was operated 
at a constant output of 1700 lb of steam an hour with the outlet 
pressure held at 3750 psi, and the feedwater temperature to the 
unit held at 550 F. No ammonia was added for pH control. 
The unit operated within a closed cycle as described previously. 
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The make-up water rate was equal to the blowdown rate and 
was obtained from the deaerator; its hydrogen concentration as 
determined by the hydrogen analyzer was zero. The opera- 
tion just described is shown schematically on Fig. 6. 

Fig. 7 is a cross plot of the data of Fig. 6. This plot shows 
how the total observed pounds of hydrogen an hour varied with 
the blowdown rate at constant final steam temperature. The 
total pounds of hydrogen an hour at a given temperature was ob- 
tained by multiplying the hydrogen concentration by its respec- 
tive blowdown rate. Points 1 to 3 inclusively were additional 
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runs to verify the straight line relationship between the observed 
pounds of hydrogen an hour and the sampling rate (lb/hr). It is 
apparent from this plot that the pounds of hydrogen an hour in- 
creased with increased blowdown at steady operating conditions. 
Assuming that the dissolved hydrogen is caused by the chemical 
reaction of the water with the tubes, then under steady state con- 
ditions, one would expect a constant rate of production of hydro- 
gen, regardless of the sampling rate. Thus as the sampling rate 
increased, the hydrogen concentration would be expected to de- 
crease, the product of the concentration and sampling rate always 
remaining constant, This may be explained by supposing that 
the total rate of production of hydrogen was caused partly by 
corrosion and partly from the decomposition of a contaminant 
entering with the make-up water. With this thought in mind, 
consider the production of hydrogen at an infinitesimally small 
blowdown rate. At a very small blowdown rate, the pounds of 
hydrogen observed would then be caused only by corrosion. 

The slopes of the lines on Fig. 7 are equal to the concentration 
of the hydrogen due to the decomposition of the contaminant at 
the temperature considered. It will be noticed that as the final 
steam temperature increased, the amount of decomposition of 
the contaminant also increased. At a final steam temperature of 
800 F, with 205 lb/hr blowdown, the pounds of hydrogen an hour 
due to corrosion is shown as “‘A,’”’ the pounds of hydrogen an 
hour due to decomposition of the contaminant is shown as ‘“B.’” 
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Fig. 8 Observed hydrogen evolution versus blowdown rate 


Similar values can be obtained for any combination of final steam 
temperatures and blowdown rates. 

Fig. 8 is a plot showing the relation between the adjusted rate 
of production of hydrogen and the final steam temperature. The 
adjusted rate of production of hydrogen was obtained by sub- 
tracting the pounds of hydrogen an hour due to the decomposition 
of the contaminant from the total hydrogen observed at the re- 
spective temperature and sampling rate. It is apparent from this 
plot that this adjusted rate of production of hydrogen is now con- 
stant at steady operating conditions, regardless of the sampling 
rate. This is in agreement with what could be expected for the 
type of test conducted. 

Fig. 9, curves A and B, shows the relation between the ob- 
served hydrogen concentration and the final steam temperature, 
with the system operated as noted. Curve A was obtained with 
the pH of the boiler water controlled at an approximate value of 
9.5 at 25 C, by the addition of ammonia. Curve B was obtained 
with no ammonia added. The water supplied was demineralized 
and deaerated, its conductivity was less than 0.1 micromho per 
em at 25 C, with a pH of approximately 6 to 7 at 25 C. Curves A’ 
and B’ were obtained by subtracting the hydrogen concentration 
due to the decomposition of the contaminant introduced with the 
make-up water from the observed hydrogen concentration. In 


TRANSACTIONS OF THE ASME 





effect, this is equivalent to the subtraction of the slopes of the 
lines in Fig. 7 at the desired temperature from the observed hy- 
drogen value, at the respective temperature considered. The 
slopes of the lines on Fig. 7 are 8, 9, 11!/2, and 14 at the respective 
temperatures of 800, 950, 1075, and 1150 F. The subtraction of 
these values was used whether or not ammonia was present. 

The following comments can be made in reference to operation 
of the supercritical pressure unit as described within this paper. 


1 The visual inspection of the tubing removed from the test 
unit after 3600 hr of operation revealed satisfactory water side 
treatment. There has been no inspection after the 5000 hr of 
operation; however, there has been no indication of any difficulty. 

2 The corrosion rate corresponding to the determination of 
iron in the water differed significantly from that corresponding to 
the determination of the hydrogen concentration in the blowdown 
water. A typical set of steady-state operating conditions is as 
follows: 

1075 F 
1300 lb/hr 
3750 psig 

110 lb/hr 

6 ppb 

20 ppb 


Final steam temperature. . 

Steam output... 

Pressure. 

Blowdown rate. 

Average iron concentration. . 

Average adjusted hydrogen concentration . 


Using the chemi: il reaction 
3Fe + 4H.0 — Fe;O, + 4H, 


and assuming no corrosion products are deposited within the 
system, the corrosion rate obtained from the chemical analysis of 
iron in the blowdown water would be 0.007 mg Fe/dm? day. The 
corrosion rate based on the adjusted hydrogen value would be 
0.48 mg Fe/dm? day. The ratio of the corrosion rate, determined 
from the hydrogen concentration, is approximately seventy times 
that determined from the chemical analyses. A simple explana- 
tion might be that the products of corrosion are for the most part 
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remaining in place. Periodic flaking of the iron oxide may account 
for the typical scattering of iron values obtained. 

3 An indication of the corrosion rate, as determined from the 
adjusted dissolved hydrogen values at various temperatures with 
and without ammonia addition as compared to the corrosion rate 
at 800 F with ammonia, is shown on Fig. 9, curves A” and B”. 
We believe this curve to be of significant interest in showing the 
relative corrosion rate within the system at various temperatures. 
It is felt that the corrosion rate in a large supercritical unit would 
not be excessive. While there seems to be good evidence that the 
method of interpreting the data presented is correct, it must be 
remembered that there are many variables which could influence 
which have not been taken into consideration. 
heat-transfer rate, stress, tube 


this analysis, 
Such variables include flow rate, 
material and surface finish, the amount of hydrogen absorbed by 
the metal, and the effect of the hydrogen concentration on the 


corrosion rate. 


Controls 


One of the primary objectives of this test unit was to obtain con- 
trol information. Tests at both supercritical and subcritical 
conditions have been conducted. Some results of the latter are 
included for reasons of comparison and general interest. 

The study has resulted in the development of an automatic 
control scheme which has proved adequate for constant load and 
widely fluctuating load operation. To appreciate fully the dif- 
ficulty of the control problem for a small tube unit such as the 
test generator described, Table 1 has been prepared, comparing 
the ratio of the internal volume of the primary circuit pressure 
parts to the primary steam flow, as well as the ratio of primary 
circuit pressure parts weight to primary circuit steam flow. The 
primary circuit consists of all steam generating sections excluding 
any reheating circuits. 


A comparison of steam generator stability factors 
VOL /CAP WI/GaP 
0.000516 065 
0.001630 118 
0.007810 2.72 


Table 1 
CARTERET SUPERCRITICAL UNIT 
SUPERCRITICAL UNIT 


SUBCRITICAL UNIT 


NOTE 
WT/CAP * WEIGHT OF PRIMARY CIRCUIT PRESSURE 


PARTS / PRIMARY STEAM FLOW 


VOL/CAP* INTERNAL VOLUME OF PRIMARY CIRCUIT 


PRESSURE PARTS/ PRIMARY STEAM FLOW 


These comparisons are made for three boilers: 


1 The test unit under discussion. 

2 A supercritical generator design for a 300 mw plant, 
psi, 1050 F, 1000 F, 1000 F. 

3 A natural circulation steam generator design for a 300 mw 
2400 psi, 1050 F, 1000 F. 


3500 


plant, 


From the tabulation it becomes apparent that the heat storage 
in the fluid and tube metal for the test unit is considerably smaller 
per unit of flow than in either a large central station subcritical 
or supercritical steam generator, and consequently the test unit 
is much more sensitive and difficult to control. The difference in 
the tabulated ratios for the three units is almost entirely due to 
the difference in the tube size used in these units. 

A simplified diagram of the pneumatic control system used 
with the test unit is shown in Fig. 10. The pressure ahead of the 
simulated turbine throttle valve is controlled by adjusting the 
feedwater flow. The steam temperature is controlled by adjust- 
ing the firing rate. Modifying signals for the two primary con- 
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trols are provided by steam flow and intermediate temperature 
points. Anticipatory signals are provided by interconnection 
between the two primary control systems. Using this control 
scheme a typical load increase and decrease with the resulting 
response of generator outlet pressure and temperature is plotted 
in Figs. 11 and 12. These swings represent a load change rate of 
approximately 13.5 per cent per minute, with a maximum final 


STEAM T' 
MAIN THROTTLE VALVE — . -_ 


STROKE STEAM 


LOAD 
CONTROLLER 


TEMP. 
CONTROLLER 


Simplified control diagram 


steam temperature variation of 15 F, and a maximum steam 
outlet pressure variation of 50 psi. 

To study the effect of transient behavior of the fluid in the 
generator for given input and output disturbances, tests were 
conducted with the generator on manual control and with one of 
the following three values upset instantaneously one at a time: 


1 D = output demand, obtained by changing the simulated 
governor valve position. 

2 F = feed flow, obtained by changing feed pump stroke. 

3 C = heat input, obtained by changing firing rate. 


Fig. 13 shows a series of tests in which heat input was increased 
and decreased, while the effect of these changes was measured in 
terms of pressure and temperature changes at the generator out- 
let. In this test feed flow and output demand were held con- 
stant. 

The data are represented for four rates of upset, that is, an in- 
crease of 10 per cent and then 20 per cent in firing rate and a 
decrease of 10 per cent and then 20 per cent in firing rate. The 
effect of these changes on pressure and temperature is plotted 
against time. The symbol (AC) p,, indicates a change in heat 
input but no change in feed flow or demand. 

Fig. 14 represents a composite picture of the results for the 
three sets of upset functions, i.e., (AC)p.p¢ as just explained, 
(AF )¢,p indicating upset in feed flow, and (AD)¢,¢ indicating 
upset in demand with the two other variables unchanged. 

This type of test facilitates the derivation of mathematical ex- 
pressions from which it is possible to predict how the pressure 


| 





” 
” 
ae 
= 
a 
i 
aw 
= 
> 
°o 


f—-- — -—-—_+4—- 


+ 


: 


a oe + + 


= 


GENERATOR CONTROL DATA 
FOR RAPID LOAD CHANGE 


4 


SUPERCRITICAL 
3/16/57 























OUTLET TEMP 
































FEED FLOW LBS/HR 














CONTROL SIGNAL PSI 


























TIME 















































IN| MINUTES 


Fig. 11 


“JANUARY 1959 


TRANSACTIONS OF THE ASME 





OUTLET PRESS 


SUPERCRITICAL GENERATOR CONTROL DATA 
3/18/57 FOR RAPID LOAD CHANGE 


























SUPHT. 
OUTLET TEMP 























FEED FLOW LBS/HR 





CONTROL SIGNAL PSI 


5 6 
TIME IN MINUTES 
Fig. 12 








8 ie BS pt HS tt 


PRESSURE DEVIATION AP- PSI 
TEMPERATURE DEVIATION AT- DEG F 
TEMPERATURE DEVIATION AT OEG F 

cs) 


ns 





3 


° 20 
~Oi246 6 024680246 @ (a0wc; (AF Ing, (AC)o,F (Adc; (AFlc, (ACor 
MINUTES TIME- MINUTES PERCENT PERCENT 


Fig. 13 Transient response test Fig. 14 Transient response test results 
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and temperature of the steam change as the heat input or steam 
output demand changes. Derivation of such expressions is con- 
sidered outside the scope of this paper; however, solutions have 
been obtained which approximately correlate these data. In ad- 
dition, analog simulation of the test unit response has been carried 
out. With these data and the analog, control response of large 
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Fig. 15 Temperature control point selection tests 
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supercritical steam generators can be studied to obtain the best 
over-all control system. 

The single upset function tests furthermore allow one to select 
the optimum control points, as well as to study the transient be- 
havior of the fluid in the circuits during a load change. 

The result of such a test is best illustrated in Fig. 15. Here the 
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Fig. 16 Temperature control point selection tests, (AD)F,C = —0.15 
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ig. 17 Temperature control point selection tests, ((C)F,D = -+-0.20 
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changes in pressure and temperature of the fluid in the circuit are 
represented as a load demand change is made. The data repre- 
sent steady-state conditions after the per cent change indicated 
has been made. The temperature measuring points indicated are 
located in the following regions of the steam generator circuit: 
Feedwater inlet 

Preheater intermediate 

Furnace outlet 


Intermediate superheater 
Final superheater outlet 


Point 


1 
2 
3 
4 
5 


Information obtained from tests presented in this manner 
facilitates the understanding of the fluid behavior in terms of 
pressure and temperature levels in the circuit. It should be 
noticed that a line marked pseudotransition locus is drawn on 
Fig. 15 which coincides closely with temperature point number 3 
at the furnace outlet. The concept of “‘pseudotransition region”? 
was presented in a previous paper by one of the authors.® 

Test conditions for the experiments to be outlined were set up 
in such a manner that the “‘pseudotransition temperature” in the 
circuit occurred close to the location of temperature point num- 
ber 3. 

Fig. 16 presents data from single upset function response tests 
which are particularly useful in determining optimum control 
signal location. This figure shows the results obtained during a 
15 per cent load demand change tracing the temperature response 
at the locations described in the previous figure. 

The temperature change is plotted against time. Similar 
plots for changes in heat input and feed flow are presented in 
Figs. 17 and 18. 


5S. Ling, “A Note on Pseudotransition Locus for Water in the 
Supercritical Region,’*» ASME Paper No. 57—A-200. 
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From these tests it appears that, for load demand changes, tem- 
perature at point 3 offers the quickest response to the demand 
change. For firing rate change as shown on Fig. 17, point number 
5 (final steam temperature) appears to give the quickest indica- 
tion that a change has occurred. The same holds true for feed- 
water flow changes as shown on Fig. 18. 

The behavior of the temperature at point number 3, as shown 
on Fig. 18, is interesting and can be used to advantage in the 
control scheme as a modifying or anticipating device. 

Figs. 19, 20, and 21 show results of tests similar to those de- 
scribed in Figs. 15 through 18 for supercritical operation, except 
that these tests were conducted at a base steam condition of 2400 
psi and 1050 F leaving the generator. The behavior of the 
various temperature points during changes differs only slightly 
from those experienced at supercritical conditions. 

The most interesting temperature behavior in all these tests is 
that exhibited by point number 3. No attempt will be made here 
to explain this behavior except to point out the following: Re- 
ferring to Figs. 16 and 19, both representing a decrease in de- 
mand, the first at supercritical, the second at subcritical condition, 
it can be seen that the response rate of point number 3 is the most 
sensitive in both instances. Temperature point number 3 in Fig. 
19 is located at the end of the boiling region and in Fig. 16 this 
point, as mentioned, was located in the so-called pseudotransition 
region. The similarity in behavior of this temperature point in 
the supercritical and subcritical tests is most interesting. 

Similarity in behavior of temperature point 3 was also evident 
for the combustion rate and feedwater rate upsets at subcritical 
and supercritical conditions. The temperature reversal of this 
point during feedwater flow changes can be partially explained 
by the rapidly changing properties of the fluid in this region. 
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Fig. 20 Temperature control point selection tests (subcritical operation), (AC)D, F= + 0.2 
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Fig. 19 Temperature control point selection tests (subcritical operation), 
(AD)F,C = —0.20 
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It is apparent from these experiments that, depending on the 
basic control system selected, the intermediate temperature or 
anticipatory control signal location is of considerable importance 
in achieving satisfactory results. 

The type of investigation described is invaluable in deriving 
basic information required for designing a proper control system 
for once-through steam generators. The success of the auto- 
matic control scheme used on this test unit is a direct result of 
such step-by-step investigation. With the successful simulation 
of the test generator on an analog computer, optimizing of the 
control arrangement for a central station supercritical or sub- 
critical once-through steam generator can be carried out with con- 
fidence, avoiding costly field adjustments. 
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Some Notes on the Strength of the 
Enrico Fermi Reactor Vessel Structure 


F. R. BEYER 


Atomic Power Development 
Associates, Inc., Detroit, Mich. 


The place and function of the reactor vessel in the Enrico Fermi Atomic Power Plant— 
the most complex nuclear structure built to date—is described. The design basis must 
lead to a conservative structure. 
different structure must be based upon tests. 
gave limited results. 
service tests prior to start-up. 


Evaluation of the design of any new and radically 
Strain gaging during hydrostatic testing 
High-temperature strain gages will be used during simulated- 
A successful high temperature strain-gaging technique 


for long-time static applications up to at least 900 F is developed and described. 


= REACTOR VESSEL for the Enrico Fermi Atomic 
Power Plant is the most complex nuclear structure built to date. 
Once the reactor has been started it will be inaccessible. The de- 
sign basis must lead to a conservative functional structure. A 
proper perspective of stress and strength must be maintained. 
The effect of the various loading conditions on these factors must 
be carefully considered. Even with an adequate and established 
guide, and assuming good engineering and shop techniques, final 
evaluation of a new design must be based upon simulated-service 
tests. Other additional tests should be used to evaluate various 
phases of the design prior to the time simulated-service tests can 
be commenced. Techniques which measure surface strain are 
valuable for structural-strength evaluation, The use of bonded- 
resistance-wire strain gages as transducers produced limited data 
during the hydrostatic tests. There is no standard technique for 
making static-strain measurements under simulated-service test 
conditions where temperatures of at least 900 F will be encount- 
ered for long periods of time, Such a strain gage and the tech- 
nique adapting it to our situation will be described in this paper. 
Excellent stability over long periods of time at temperatures of at 
least 900 F has been achieved. Results of evaluation tests of 
these gages are given. Field-installed gages are expected to yield 
valuable structural and operational information from simulated- 


service tests. 


The Plant 


The Enrico Fermi Atomic Power Plant located near Moyroe, 
Mich., includes a 300-mw thermal-output fast-breeder reactor 
and its associated heat-removal and utilization equipment. Its 
major components include the reactor, the intermediate heat ex- 
changer, the steam generator, and the turbine-generator. Heat 
generated in the reactor is transferred to the liquid-sodium coolant 
which in passing through the intermediate heat exchanger trans- 
fers heat to the isolated secondary liquid-sodium loop. The final 
heat transfer takes place in the once-through steam generator 
from which steam at 740 F and 600 psia is taken and used to drive 
the 100-mw electrical-output turbine-generator. 

Fig. 1 is a schematic representation of the liquid-metal and 
There are three independent primary- 


steam-generating system, 
Each 


sodium-coolant loops and three secondary-sodium loops. 
primary loop includes an intermediate heat exchanger and cir- 
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Fig. 1 Schematic of liquid-metal and steam-generating systems 
culating pump. Each secondary loop includes a steam generator 
and circulating pump. The purpose of the secondary-coolant 
loops is to isolate the radioactive primary coolant from the steam- 
water system and thereby prevent the release of radioactivity in 
the event of a sodium-water reaction. The steam is used to drive 
a conventional turbine-generator. Both liquid-metal loops oper- 
ate at virtually no pressure. 

All radioactive materials are housed in a gastight containment 
building. This building rises about 70 ft above ground level and 
is 72 ft in diam with a hemispherical dome. The purpose of the 
building is to contain any fission products or radioactive sodium. 
The building is fabricated from 1!/s-in-thick ASTM A-201-B 
sarbon-steel plate and designed for a pressure range of —5 to +32 
psig. It has a total height of 120 ft of which 50 ft are under- 
ground, The foundation extends to bedrock. 

The reactor vessel is located in the center of this building inside 
a second gastight containment vessel, the primary shield tank. 
This vessel, shown in Fig. 2, is fabricated from °/,-in-thick ASTM 
A-285-C carbon-steel plate. It extends 38 ft below the operating 
floor and is capped by the machinery dome over the various oper- 
ating mechanisms. The primary shield tank has a 24-ft max 
diam. The design pressure is 20 psig. 


The Reactor Vessel 


This paper is concerned with the reactor vessel which is shown 
inside the primary shield tank in Fig. 2. This vessel is fabricated 
from Type 304 stainless-steel plate varying in thickness from 1!/2 
to2in. It is about 36 ft high and has a 14!/.-ft max diam. It 
consists of four main components, namely, the lower reactor ves- 
sel, the upper reactor vessel, the transfer rotor container, and the 
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plug container, The fabricator has described it as the largest and 
most complex nuclear component built to date. 

The vessel presents a variety of structural configurations and 
intersections. The center line of the 9-ft 3-in. ID lower reactor 
vessel is offset 24.237 in. from that of the 14-ft 2'/.-in. ID upper 
reactor vessel to facilitate manipulation of the fuel subassemblies. 
The transition between these two vessel components is an un- 
symmetrical toroidal structure of rectangular cross section, 26 in. 
deep, stiffened with 17 radial ribs, The transfer rotor container 
is a 6-ft-diam 11-ft-high cylindrical chamber through -~hich the 
fuel subassemblies enter and leave the reactor vessel. It inter- 
sects the upper reactor vessel just above the rectangular transi- 
tion and results in an unconventional penetration which is gen- 
erously reinforced. 

The plug container is a two-stepped cylindrical shell with a 
mean ID of 9 ft 4 in. and is concentric with the upper reactor 
vessel. A symmetrical conical transition connects the plug con- 
tainer with the upper reactor vessel. A heavy flange at the open 
upper end of the plug container provides support for the rotating 
shield plug. This plug closes the reactor vessel. 

Penetrations for three 6-in. and three 14-in-diam inlet nozzles 
and three 30-in-diam outlet nozzles are made in the lower reactor 
vessel and upper reactor vessel, respectively. A number of other 
minor penetrations for overflow, drain, vent, gas-circulation noz- 
zles, and surveillance, thermocouple, and liquid-level indicator 
tubes are made in the main body of the reactor vessel. The trans- 
fer rotor container has a 14-in-diam exit-tube nozzle and a 6-in- 
diam transfer-rotor drive-shaft nozzle in its upper head. 

An integral support structure for the fuel and blanket-sub- 
assemblies support plates is built into the lower reactor vessel. 
This structure is 17 in. deep and has a 34-in. centrally located 
square hole, It consists of upper and lower deck plates 1'/2 in. 
thick, reinforced with 12 radial ribs. 
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The reactor vessel is externally supported on 8 flex-plates from 
the rectangular transition section. The weight of the transfer- 
rotor container is supported by constant-load hangers suspended 
from the primary shield tank. 


Functional Design 


The core and blanket fuel subassemblies are housed in the lower 
reactor vessel as shown in Fig. 2. Sodium coolant flows from the 
bottom of the lower reactor vessel through these subassemblies 
into the upper reactor vessel which serves as a mixing pool and 
provides space for remote fuel handling. A cross-sectional view 
giving the orientation of the fuel subassemblies, the control-rod 
guide tubes, and the thermal-shield rods is shown in Fig. 3. The 
fuel section consists of two operating control rods, eight safety 
rods, 91 fuel subassemblies, and the 48 first-row radial-blanket 
subassemblies, Ninety per cent of the coolant flows through the 
core section, entering the primary-inlet plenum at a pressure of 
about 75 psig through the 14-in. nozzles. It passes through these 
subassemblies at a rate of nearly 12 million lb per hr resulting in a 
heat-transfer rate of 665,000 Btu per hr per sq ft in the heart of 
the reactor, the fuel core. The coolant for the plutonium breeder 
blanket enters the radial-blanket plenum through the 6-in. inlet 
nozzles at a pressure of about 10 psig. It is distributed through 
the thermal baffling as well as the 524 blanket rods by appropri- 
ately sized orifices. ach subassembly is located and supported 
in the support plate by a nozzle 18 in. long. The support plates, 
which rest upon the support structure, consist of two 2-in-thick 
plates separated by several */, and '/;-in-thick ribs 14 in. high. 
The center section supports the fuel-section subassemblies and is 
independently removable. It rests on a seal rail which isolates 
the main coolant flow. A hold-down device holds the core sub- 
assemblies down against the hydraulic forces resulting from up- 
ward coolant flow and also maintains radial alignment. 

The upper reactor vessel in addition to being a mixing pool also 
provides space for hold-down and mechanical-handling devices 
which are suspended from the rotating shield plug. The offset 
handling mechanism, shown in Fig. 2, is used, in conjunction with 
the rotating plug, to remove spent-fuel and blanket subassemblies 
from the reactor vessel and to deposit them in finned pots in the 
transfer-rotor container. These subassemblies are subsequently 
raised through the 14-in. transfer-rotor-container exit port into a 
self-propelled cask car. New subassemblies are loaded into the 
reactor by reversing this process. Stainless-steel thermal baffle 
plates varying in thickness from !/s in. to 1 in. are fitted inside 
the vessel wall to a minimum thickness of 5in. This thickness of 
steel added to the 5-in. thickness of shield rods and 2-in-thick 
reactor-vessel shell also acts as a radiation shield and neutron 
reflector. Coolant circulated between the baffle plates reduces 
the effect of thermal gradients and transients. 


Design Basis 


Good design is a balance between stress and strength. Caution 
must be the watchword when a new design is being evolved. 
This is especially true here, where a complex unconventional 
vessel is inaccessible after the plant is in operation. Conserva- 
tive procedures and assumptions must be augmented by evalua- 
tion and testing wherever and whenever feasible. A design must 
be realistic if it is to be conservative. Under certain conditions 
overconservatism does not result in a conservative design, for 
example, thinner sections are much more resistant to thermal 
shock. 

By strength is meant the capacity of a material to withstand 
stress. This is commonly called the allowable stress. The proper 
value of allowable stress for a given situation depends upon a 


variety of factors, The variation of any one of these factors may 
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dictate a change in allowable stress. The material properties, 
the geometry of the part, the surface finish, the processing of the 
material, the type of load application, and the ambient exposure 
are some of the more important factors. 

Stress, on the other hand, is used to refer to the force intensity 
which is calculated, and indeed in a few simple cases may actually 
exist, at a point in a structure from its geometry and a knowledge 
of the applied loads and of the constraints. A structure need not 
be at all complicated to defy exact analysis. 

When code rules, such as ASME Boiler and Pressure Vessel 
Code, are used for design there is assurance of an adequate design 
based principally upon experience. These code rules are wel- 
comed because it is possible to come up with properly, or at any 
rate, adequately, proportioned structures. The stresses are not 
known and in general are not of much concern. But what is 
done when a situation is not covered by code? Generally, as- 
sumptions are made which will give not the exact stress but rather 
something higher than the exact value. How much higher de- 
pends on ability to cope with the situation and experience and 
judgment. 

Strength then involves knowledge of the material and how it 
reacts to different conditions. An accurate knowledge of stress 
depends on ability to calculate reliable values of force intensity for 
a given situation. There is more to be known about both of these 
factors. Material properties are not completely known. Stress 
analysis involves approximations. Prescribing low strength 
values (allowable stresses) is not justified by reason of a poor stress 
analysis, 

A third factor to be considered is the loading conditions. These 
are generally prescribed for a new design and will influence both 
strength and stress. Material strength depends on the mode of 
the applied loading, whether static, fatigue, shock, or thermal. 
The validity of calculated stress depends in part on how nearly 
the load distribution used in the stress analysis approaches that 
actually felt by the structure. 

The Enrico Fermi reactor-vessel design is conservative. ASME 
Boiler and Pressure Vessel Code as modified by the special ruling 
of Code Case Number 1234 is used wherever applicable. Continu- 
ous thorough inspection was maintained during the construction 
of the vessel. Ultrasonic testing was employed to determine in- 
ternal material defects. Liquid-penetrant tests and radiographs 
were made of the welds. The structural integrity of the com- 
pleted reactor vessel was tested by pneumatic and hydrostatic- 
pressure tests. Gastightness was verified by a vacuum test. 
Extensive testing is scheduled after erection at the site. The 
mechanical and hydraulic operation of the reactor will be evalu- 
ated during tests with hot gas and sodium prior to start-up. 


Design Strength Limits 


The specifications for the reactor vessel consider the following 
load conditions: 


1 Primary coolant pressures including pressure surges. 

2 Weight of vessel and internal structures, static heads, 
superimposed weights or forces, support reactions. 

3 Pipe reactions. 

4 Steady-state thermal conditions: (a) Internal heat genera- 
tion; (b) thermal gradients. 

5 Transient thermal conditions: (a) Normal power changes; 
(b) rapid power changes; (c) start-up; (d) shutdown; (e) scrams 
other than emergency cooling; (f) emergency cooling. 

6 Combinations of 1 and 2. 

7 Combinations of 1, 2, and 3. 

8 Combinations of 1, 2,3, and 4. 

9 Combinations of 1, 2, 3, 4, and 5. 

10 Mechanical shock. 
11 Mechanical vibration. 
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This list attempts to recognize every possible load condition 
but it leaves the interpretation and specific application to the 
designer. Design pressures and temperatures are specified for 
each major component and are shown in Table 1. Several tran- 
sient conditions are specified and are listed in Tables 2a and 2b. 
From here the designer must come up with the figures. This is 
not an easy task since, at the start of the project, the detailed 
design configuration is not well established. The approach, in 
order to be conservative, is to assume conditions which are known 
to be worse than any that can reasonably be expected. How- 
ever, if these values are not realistic the design will suffer. Ex- 
tensive thermal analyses have resulted in realistic values for ther- 
mal transients and for temperature gradients through the vessel 
wall. 

It is not the intent of this paper to propose a new design basis 
for design-strength limits, but rather to briefly state the basic 
criteria of the design-strength limits used for the Enrico Fermi 
reactor vessel. In arriving at an acceptable design basis the work 
of Langer [1],! Cooper [2], and others [3], in addition to the ASME 
Code have been heavily drawn upon. It should be restated that a 
workable, conservative design basis must be realistic and that 
ignorance of loading resulting from any normal or abnormal oper- 
ating, or emergency condition, or that inability to stress analyze a 
component cannot justifiably be accounted for by applying an 
additional “safety’’ factor to the strength limits. 

The static-strength properties of the material throughout the 
required temperature range are well known. The ultimate and 
yield strengths, the Young’s modulus, and the coefficient of ther- 
mal expansion for Type 304 stainless steel are published in stand- 
ard references. 

Thermal-stress fatigue data are relatively scarce. 
tained by Coffin were used by Langer to obtain Fig. 4. The 
basis of this curve is pointed out by Langer [4] as follows. It was 
constructed by drawing a “lower-limit’’ curve through the lowest 
test points and then constructing the curve of Fig. 4 to have a 
safety factor of at least ten based on cycles, and of at least 1.5 
based on strain range. The data include various types of steel 
and such variables as temperature, surface finish, and direction of 
rolling. However, temperatures higher than 662 F were not used. 

Discretion must be used in applying these data because of their 
limited scope both in quantity and in the number of variables 
treated. Coffin [5] points out that constrained thermal cycling 
appears to be four times as severe as constant-temperature strain 
cycling. With the foregoing in mind, an outline is presented of 
the design-strength limits for the Enrico Fermi reactor vessel. 


Those ob- 


! Numbers in brackets designate References at end of paper. 
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A General 

1 ASME Boiler and Pressure Vessel Code Section VIII to- 
gether with Code Case No. 1234 are used whenever they apply. 

2 The maximum shear-stress criterion is used, being conserv- 
ative and simple. 


B_ Steady-State Condition 

1 Membrane stresses arising from steady-state pressure and 
mechanical forces or their combinations shall be limited to code 
allowables. 

2 Each part of the vessel shall be proportioned according to 
code rules where applicable. 

3 Stresses arising from combinations of steady-state pressure 
and mechanical forces with thermal stresses due to temperature 
distribution at any level of steady-power operation including in- 
ternal heat generation shali not exceed 1.5 times code allowa- 
bles. 

Table 1 Steady-state pressures and temperatures 
Operating 
tempera- 

ture, 


Design 
tempera- 
ture, 
deg F 
750 
750 


Design 
pressure, 
deg F psig 

600 .110 
600 110 
600 50 
600 50 
900 50 
750 50 
650 50 
600 

1000 


Component 

14-in. inlet nozzle 
Core-section inlet plenum 
6-in. inlet nozzle 750 
Radial-section inlet plenum 750 
30-in. outlet nozzle 1000 
Upper-reactor-vessel wall 900 
Transfer-rotor container 800 
Support plates 750 
Hold-down 1100 

Note: The entire vessel is to be designed for isothermal operation 


at 1000 F. For this condition the 14-in. inlet nozzle and the core- 
section-inlet-plenum pressure will be limited to 93.5 psig. 


Table 2a Transient design temperatures, normal operation 
Average temperatures 
——Inlet—— _ ——Outlet—— 
Initial, Final, Initial, Final, 
deg F deg F degF degF quency 
400 600 400 900 100 
600 400 900 400 100 
750 600 750 900 1000 
600 750 900 750 1000 


600 
900 


Fre- 
Condition 
Plant start-up 
Plant shutdown 
0 to 100% power 
100% to 0 power 
Shutdown prior to 
refueling 
Start-up after re- 
fueling 


900 1000 


600 


550 


600 1000 
Table 2b Transient design temperatures, abnormal operation 
Dura- 

To, tion, Fre- 
deg F see = quency 
600 1 25 
600 19 25 
600 25 25 


From, 
deg F 
900 
900 
900 


Condition 
Scram 
Scram 
Scram 


Component 
Hold-down plate 
Outlet nozzles 


Internal surface 
upper-reactor- 
vessel shield 


Radial-section 
inlet nozzles 
and plenum 

Radial-section 
inlet nozzles 
and plenum 

Fuel-section 
inlet nozzles 


Fuel-section inlet 


nozzles 


Fuel-section inlet 


plenum 


Fuel-section inlet 


plenum 
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600 


Loss of one 
pump 


Cold sodium 
accident 


Loss of one 
pump 
Cold sodium 
accident 
Loss of one 
pump 
Cold sodium 
accident 
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4 Peak stresses due to steady-state pressure and mechanical 
loads or their combinations including the effects of gross structural 
discontinuities shall not exceed 1.5 times code allowables. 


C Combinations of Steady-State and Transient Conditions 

1 Steady-state and transient conditions shall be combined by 
applying the Soderberg straight-line rule. Accordingly, the stress 
due to combinations of steady-state and transient conditions can 
be resolved into an average or mean component and an alternat- 
ing component 

2 The value of the mean stress component at any point in- 
cluding gross structural discontinuities shall not exceed the yield 
strength at temperature. 

3 The alternating stress component for structural members 
including the effect of any structural discontinuity shall not ex- 
ceed two times the yield strength at temperature or 34,000 psi, 
whichever is less, 

4 The alternating stress component for nonstructural mem- 
bers shall not exceed the values given by Fig. 4. 

1D Deformation 

Deformations shall be consistent with operation and safety 
requirements. 


Design Evaluation 


Application of the foregoing as a guide together with good de- 
sign and fabrication practice, a careful and conservative stress 
analysis and load evaluation, and thorough material and work- 
manship control, should result in an adequate structure. Final 
proof of this is a proper and successful simulated-service test. 

Several uncc .ventional features of the design configuration 
warrant special tests to obtain information from which the 
strength of these features may be further evaluated. The rec- 
tangular transition section from the lower to the upper reactor 
vessel and the intersection of the transfer-rotor container with 
the upper reactor vessel defy good stress analysis using theoretical 


\ 


Fig. 5 Typical strain-gage installation 
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techniques. These regions, and the support-plate support struc- 
ture and the 30-in. nozzles appear to be critically stressed areas. 
The hydrostatic-pressure tests presented a good opportunity 
to experimentally measure the stresses in these regions arising 
from an internal pressure. Accordingly, a number of bonded- 
resistance-wire strain gages were mounted on the reactor vessel 
at carefully chosen points. Fig. 5 shows a typical installation at 
the transfer-rotor-container and upper-reactor-vessel intersection. 
During these tests, shop conditions had to be tolerated. These 
involved large ambient-temperature variations and other more or 
less tolerable shop conditions. To minimize the effect of tem- 
perature variation, a number of temperature-compensating gages 
were used. By comparing the compensating gages with the 
active gages for a period of several hours before pressure was 
applied the effect. of the temperature variation was noted. By 
continuing to compare each compensating gage with a control 
gage the effect of the temperature changes was observed through- 
out the test. Control gages are gages mounted on an isolated 
piece of Type 304 stainless steel subjected to no mechanical or 
They are also used to note instrument stability 
The strain-gage 


thermal strain. 
by reading one control gage against another. 
installation was made using standard techniques. SR-4 Type A 
gages were cemented in place with epoxy cement. Petrosene 
wax was used for moisture proofing. Lead wires were of No. 18 
solid copper with waterproof insulation and of a length such that 
capacitive effects and change in gage factor could be ignored. 
Lessels-type strain-gage connectors were used to prevent damage 
to the gage lead wires. All lead wires were connected into Les- 
sels multiple-point switching units. A Baldwin-Lima-Hamilton 
Type NA Strain Indicator was used to read the gages. Tempera- 
ture stability throughout the test was good in view of the severe 
shop conditions. In most cases the maximum observed apparent 
strain due to temperature change was no greater than 30 yin. per 
in. 

Three separate pressure tests were made. The radial-blanket 
inlet plenum was pneumatically tested to 94 psig; the core-sec- 
tion inlet plenum was hydrostatically tested to 210 psig; the rest 
of the reactor vessel was hydrostatically tested to 112.5 psig. 
These were the pressures required to satisfy ASME Code. Table 
3 gives the magnitudes of the maximum stresses in various parts 
of the vessel due to these applied pressures as obtained from the 
strain gages. As far as pressure loading is concerned it appears 
that the vessel is satisfactorily proportioned, the maximum stress 
magnitude being of about the same order throughout. The struc- 
tural discontinuities producing the greatest stress rise are the 
junctions of the 30-in. nozzle with the upper reactor vessel and of 
the plug container with the conical transition. In each case the 
maximum stresses are about twice the nominal shell stresses. 


Table 3 Stresses measured during hydrostatic tests 
Hydrostatic Design 
——test-——. ——condition—— 
Pres- 
Stress, sure, Stress, 
psi psig psi 
12,000 50 5400 


Pres- 
sure, 
psig 
112.5 


Location 


30-in. outlet nozzle 

Lower-reactor-vessel shell 
at support-plate structure 

Transfer-rotor-container 
junction with upper 
reactor vessel 

Lower-reactor-vessel junc- 
tion with rectangular 
transition 

Upper-reactor-vessel junc- 
tion with conical transi- 
tion 

Plug-container junction 
with conical transition 


210 7500 110 3900 


112.5 6000 2700 


112. 4000 


112.5 


112.5 4000 
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Tests using a partial '/.-size model were made to evaluate the 
effects of pipe reactions and plug weight on the 30-in. outlet 
nozzle. Another !/,-size model of the upper reactor vessel was 
used to determine coolant mixing in the upper pool and pressure 
losses through the hold-down region. Thermal-transient studies 
of the system for various emergency-cooling and scram conditions 
were made. Space does not permit comments on these studies. 


High-Temperature Strain Gages 


Strain gaging the vessel to measure strains during simulated- 
service testing involving temperatures up to about 1000 F is quite 
different from strain gaging at room temperature. We know of 
no successful long-time strain-gage installation at temperatures 
much higher than 600 F. No off-the-shelf gage suitable for long- 
time operation at 1000 F has proved successful. This is strictly a 
development problem. Some of the difficulties encountered are 
basic material problems. The gage-element alloy must be stable 
throughout the required temperature range and should produce a 
low temperature coefficient, that is, the curve of apparent strain 
versus temperature should be flat. A large resistance and a high, 
stable gage factor are also desirable. A second and equally im- 
portant factor is the cement used to attach the strain gage. Its 
desired qualities are a low curing temperature, and good bond and 
high electrical resistance at high temperatures. 

Our best laboratory-test results to date have been obtained 
using series-600 Metalfilm gages manufactured by the Tatnall 
Measuring Systems Company. These are foil gages about 0.1 
mil thick which are supplied on a temporary backing and are 
shaped as shown in Fig. 6(A). Long-time stability has been 
achieved with the use of compensating gages. 

The ceramic cements used with high-temperature gages must 
be cured at temperatures of about 600 F. When considering at- 
taching a goodly number of gages to a vessel the size of the Enrico 
Fermi reactor vessel this is quite an obstacle. Furthermore, in 
order to achieve repeatability up to at least 900 F it is necessary 
to temperature cycle the gages in a manner prescribed on the basis 
of experience. Repeatability simply means that the curve of ap- 
parent strain versus temperature is repeated for successive tem- 
perature cycles. In order to achieve stability with respect to 
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Fig. 6 High-temperature strain gage on ready for 
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time, even when the gages are connected compensated, a period of 
operation at temperature for about 15 to 20 hr is required. 

Direct attachment to the reactor vessel is obviously out of the 
question. Curing, cycling, and stabilizing must be done before 
the gages are attached to the vessel. This can be done by cement- 
ing them to a carrier or coupon which in turn can be attached to 
the vessel. Various configurations and sizes of 0.010-in-thick 
stainless-steel coupons were evaluated using SR-4 gages at room 
temperature. These coupons, with strain gages attached, were 
spotwelded back to back in pairs on a beam. The beam was 
loaded and the resulting strain-gage readings were compared 
with the known strains. Results varied with the cross section of 
the coupon and the locations of the spotwelds. Nearly 100 per 
cent strain transfer was obtained using single-thickness, flat pieces 
about */, X 1'/: in. in size with the spotwelds closely spaced all 
around. The details of the completed strain-gage coupon are 
given in Fig. 6(B). These coupons are furnished by the gage 
manufacturer in a precycled and stabilized condition ready for 
attachment by spotwelding with a capacitor-discharge-ty pe spot- 
welder. 

A pair of Type 630 Metalfilm high-temperature strain gages 
were mounted back-to-back on a stainless-steel beam for evalua- 
tion tests and stabilized by cycling in a prescribed manner. The 
cement was cured at 600 F for 1 hr, after thorough air drying. 
Subsequent cycles of 1 hr at 700 F, 1 hr at 850 F, and 1 hr at 900 F 
were applied. Then the gages were connected, compensated into 
a recorder, and were brought up to 900 F and held there. The 
subsequent change in apparent strain with respect to time is 
shown in Fig. 7. After about 17 hr, stability was achieved. 
After 22 hr the temperature was dropped to room temperature so 
that a different furnace and indicating system could be employed. 


A-SHIFT DUE TO STABILIZING 2FT OF 
ADDITIONAL LEAD WIRE 

B-SHIFT POSSIBLY DUE TO SMALL 
TEMPERATURE DIFFERENTIAL 
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C-SHIFT DUE TO UNEVEN COOLING 
DURING CYCLING 
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Fig. 7 Stability of compensated strain gages at 900 F 
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After reheating to 900 F a drop of 21 yin. per in. apparent strain 
was noted over a 16-hr period. This is due to the 2 ft of additional 
lead wire being heated in the new furnace. High-temperature lead 
wire requires stabilizing. The cause for the increase in ap- 
parent strain of about 15 win. per in. at 86 br is not known but 
may be due to the two gages being at slightly different tempera- 
tures at this time. It is noted that this shift is accompanied by an 
increase in leakage resistance of 1 megohm. At 8'/: days cycling 
of the gages between room temperature and 900 F was started. 
Cooling was accomplished by taking the gaged beam out of the 
furnace, placing it on a cold copper slab, and blowing air over the 
cooling beam with a fan. The resulting unequal cooling caused a 
shift of 60 win. per in. in apparent strain. When more care was 
taken to provide uniform cooling no such shift occurred. During 
the 4-week testing period the gages were held at 900 F for a total 
of 17 days. The remaining time was used for cycling and holding 
at room temperature. The change in apparent strain at 900 F 
during this entire period was a total of 50 yin. per in., most of it 
due to specific events in the gage history. Drift, as such, 
amounted to less than 20 win. per in. during the 17 days at 900 F. 
This is phenomenal at the present stage of development. 

It must be emphasized that the stability achieved depends on 
the compensation, Resistance measurements made on the individ- 
ual gages show that the apparent strain increases about 400 pin. 
per in. per day at 900 F. This indicates that it is important that 
both the active and compensating gage have identical histories in 
order that they follow one another closely. 

A change of 800 F produces a 
Sec- 


Two other items merit comment. 
shift of about 80 yin. per in. for the compensated gages. 
ondly, the leakage resistance to ground at 900 F shown in Fig. 8 was 
about 6.5 megohm at the start of the test period and showed con- 
siderable improvement as the test progressed. 

The coupon shown in Fig. 6(B) will be attached to the vessel in 
groups, to make two or three-gage rosettes as required. One 
compensating gage will be used with each rosette. All gages 
will be externally attached. 
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Conclusion 


A complex structure subjected to severe operating conditions 
has been designed and built. The guiding philosophy has been a 
realistic conservatism. Evaluation of the structure and of the 
design principles is continuing. The high-temperature strain- 
gaging technique described is expected to provide a sound basis 
for further evaluation of the structure. 
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Some Thoughts About the Development 
of Automotive Gas-Turbine Units 


Possible configurations for an automotive gas-turbine unit are considered. Comparisons 
are made of designs taking the drive from the high-pressure and low-pressure portions of 
a split turbine, as well as the advantages to be gained with a divided-compressor and 


differential-gear arrangement. 


Introduction 


I. HIS ADDRESS before the engineering section of the 
British Association for the Advancement of Science in 1951 [1],+ 
Sir Claude Gibb, Chairman of C. A. Parsons & Company Limited, 
stated that the gas turbine will supplant the diesel engine to a 
great extent: ‘There is no difficulty in making gas turbines of 100 
hp which can easily be fitted to motor cars within the space now 
occupied by petrol or diesel engines. .. Once the pure rotating 
prime mover has been found suitable for a given application it 
always becomes possible to supplant an alternative reciprocating 
type and there is little doubt but that within the next 50 years the 
gas-turbine-driven motor will be used to the exclusion of all 
others.’”’ 

The developments made since then in Great Britain [2], Ger- 
many [3], France [4], Italy [5], and the U. S. [6] give promise 
that the prediction made in 1951 will be fully met. There has 
been progress not only in design of automotive gas turbines but 
also in the development of special materials [7] and manufactur- 
ing methods [8] suitable for their mass production. 

At the end of the last war gas-turbine propulsion of military 
vehicles such as heavy tanks was studied intensively in Europe, 
and as aresult C. A. Parsons & Company Limited were entrusted 
by the Ministry of Supply with the task of developing a suitable 
gas turbine for propulsion of military vehicles such as heavy 
trucks. A team under Dr. A. T. Bowden designed such a gas 
turbine, two units were made by the Company, and in 1954 the 
first gas-turbine-propelled tank in the world was publicly shown 
[9]. Since then extensive tests have given proof of the suitability 
of this type of prime mover for such a duty. 

The development of a gas-turbine unit as the main power plant 
of a tank, Fig. 1, gave rise to a large number of problems common 
to road-vehicle application. The simplest kind of gas turbine 
(consisting of one compressor driven by one turbine and employ- 
ing, apart from the combustion chamber, an air preheater) has 
certain disadvantages which can successfully be overcome. 

Improvement is closely connected with the number and arrange- 
ment of the turbomachines, the increase in their efficiency, as well 
as the efficiencies of the other components. The incorporation 
of an air preheater is imperative especially where a good perform- 
ance is required at a low average load. The employment of such 
a heat exchanger in the gas-turbine unit, especially if the utmost 
compactness is to be met, is difficult as low parasitic-pressure 
losses are essential. The important step toward the standard- 
ization of the heat exchanger for universal use in gas-turbine 
units of any design—which should be the ultimate aim—is there- 


1 Numbers in brackets designate References at end of paper. 
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fore very hard to achieve especially if the regenerative instead of 
the recuperative process is chosen for the exchange of heat. 


General Characteristics of a Simple Gas-Turbine Unit Having 
Regard to Its Suitability for Vehicle Propulsion 


The simplest type of gas-turbine unit produces a positive (pull- 
ing) torque which decreases when the speed of the vehicle is re- 
duced because of its mechanical connection with the turbine 
through a reduction gear of fixed ratio. A gas-turbine unit of this 
kind is inferior in positive-torque behavior to a conventional 
petrol or diesel engine. On the other hand, its negative (braking) 
torque is sufficient in most cases. 

Thermodynamically speaking, there is a whoie field of possible 
working conditions limited only by the surge line of the compres- 
sor, the line of maximum permissible stresses (mainly in the rotors 
of the turbomachines) and the line of maximum permissible air-to- 
fuel ratio of the combustion chamber. The gas-turbine unit can 
be well adapted to the requirements of the vehicle, which re- 
duces the working field to a single line. 

It has been realized for some time that splitting the turbine 
into a compressor-driving and a power-providing part gives a 
considerable improvement, in so far as the positive torque be- 
havior of the gas-turbine unit is concerned. Split turbines are, 
therefore, used in all known designs concerning automotive appli- 
cations. When the power-turbine part is completely stalled a 
maximum theoretical positive-torque ratio of 2.83 is obtained, 
when the torques at zero and optimum (maximum efficiency) 
speed are compared. Apart from the effect of losses, say, in 
the blades or vanes of the turbine, any change in mass flow and 
consequently in gas temperature and pressure before and after 
the turbine, which are closely connected with these losses, will 
affect the maximum obtainable positive torque. 

The mechanical disconnection of the compressor-driving tur- 
bine and the power turbine means that no appreciable negative 
torque can be provided by the gas-turbine unit and additional 
means have to be introduced if motor braking is required. One 
system consists of a gear and an overspeed clutch automatically 
linking the two turbine parts when such braking is required [10]. 

The splitting of the turbine reduces the number of possible work- 
ing lines to one which is fixed by the relation governing mass flow, 
temperature, and pressure of the gas passing through the two 
separate turbine parts. This working line will be different from 
the one dictated by the vehicle. As a result the power turbine 
will, under most conditions, run at a speed different from that 
leading to maximum turbine efficiency. As this efficiency 
directly affects the specific fuel consumption and hence the miles 
per gallon obtained, a further consequence will be a deterioration 
in performance of both the gas-turbine unit and the vehicle driven 
by it. 

One of the great difficulties encountered when developing a 
gas-turbine unit for vehicle propulsion is the very low average 
load usually required. If the power turbine is designed for maxi- 
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Gas-turbine propelled tank 


mum efficiency at this average load, the turbine will be over- 
speeded at larger loads and underspeeded at lower loads, with an 
adverse effect on the specific fuel consumption. 

Splitting the turbine makes both the mechanical and the gas- 
dynamical design of the turbine more difficult. As far as me- 
chanical design is concerned, two bearings have to be provided in- 
stead of one; overhung rotors usually lead to larger clearance 
losses and hence to a lower turbine efficiency; cooling of the bear- 
ings when placed between the two turbine parts is more difficult 
and again affects turbine efficiency indirectly in an unfavorable 
way. In addition it may have some gas-dynamical disadvantages 
from the increased resistance in the transition part between the 
two turbines housing the bearings. As far as this gas-dynamical 
design is concerned the power balance between compressor and its 
driving turbine requires a certain subdivision of the total 
available turbine power and consequently restricts the layout of 
the blading (or the choice of the speed) in such a way that the 
best turbine efficiency is difficult to achieve at the lowest possible 
weight. Such a low weight is, however, highly important from an 
acceleration or deceleration point of view. 

Another important consequence of dividing the turbine in two 
parts concerns governing and the time lag experienced when chang- 
ing load. The power requirements of the vehicle are met by 
changing the amount of fuel burnt in the combustion chamber. 
This means that the h-p turbine part immediately following this 
component will be the one directly controlled by the governing sys- 
tem. The other turbine part will get ‘“‘what is left’’ and is there- 
fore indirectly controlled. From this point of view it is obviously 
important which turbine part drives the compressor and which 
Apart from this influence of 


provides the power for the vehicle. 
turbine arrangement, the dynamic inertia of all the masses to be 
accelerated or decelerated and the thermal inertia of all the 
masses to be heated or cooled play an important role when it 
comes to the response of the gas-turbine unit to load changes. 
The design of the turbomachines (dynamic inertia) and that of 
the air preheater (thermal inertia) are important in this connec- 


tion. 
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Fig. 2 Model of a gas turbine in which the I-p section is the power- 
providing section 


Gas-Turbine Unit With the L-P Turbine Part Propelling a 
Long-Distance Coach 


The decision which turbine part is to provide the power affects, 
to a large extent, the working conditions of the gas-turbine unit 
and the performance of the vehicle it propels. In all known de- 
signs of such a unit the |-p part is the power-providing section of 
turbine. Table 1 gives a short specification of such a gas turbine 
unit, Fig. 2, for a long distance coach with few stops to make and 
a full pay load assured throughout the journey. Table 2 gives the 
assumptions made regarding the weight of the coach fitted, respec- 
tively, with a diesel engine and gas-turbine unit of similar power. 
With a gas-turbine unit a reduction in speed of the compressor and 
compressor-driving h-p turbine results in a reduction of mass flow, 
temperature, and pressure of the gas, and therefore a decrease in 
available power. However, due to a relative rise in waste heat, 
fuel consumption is not decreased to the same extent, and as a 
result the specific fuel consumption is increased. 
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Table 1 General data ; 
Simple open-cycle gas turbine with air preheater. 


Type: 

Turbine 
Arrangement: Separate compressor-driving and power-provid- 
ing turbine part (split turbine). 

Compressor-Driving Turbine Part: 

Single-stage axial-flow h-p turbine 

Gas temperature before turbine: 850 C (1560 F) 
at 30,000 rpm. 

Power-Providing Turbine Part: 

Two-stage axial-flow-lip turbine. 

Gas temperature after turbine: 650 C (1200 F) 
at 15,000 rpm. 


Single-stage centrifugal compressor. 

Air mass flow at intake, 3 Ib per see at 30,000 
rpm. 

Pressure ratio at this speed, 3:1. 


Compressor: 


Combustion 
Chambers: Two can-type combustion chambers with up- 
stream injection and counterflow cooling with 
air flowing from the compressor to the air 


preheater. 
Regenerative heat exchanger with annular-disk 
rotor. Two gas sides and two air sides. 
The ratio of areas is 2:1 (gas/air). 
Matrix of wire gauze. 
Total area of matrix: 
(Normal) rotor speed: 


Atr Preheater: 


2 sq ft. 
30 rpm. 


Fuel System: | Gear-type pump. 


Lubrication 


System: Two oil-suction pumps and one _ oil-pressure 


pump (gear-type). 
Starting 


System: Generator used at the same time as starter 
motor. 
Reduction 


Gear: Epicyclic. Ratio 10:1 giving a (normal) speed 
at the power shaft of 3000 rpm. 
Exhaust 


Nozzle: Two exhaust ducts symmetrical to the output 
) I 


shaft. 


Apart from raising the component efficiencies, there are two 
methods of improving specific fuel consumption [11]. One is by 
increasing the pressure ratio, the other by waste-heat recovery. 
A substantial increase in pressure ratio would either reduce the 
size of the turbomachines in most applications beyond the limit 
where a sufficiently high efficiency could be maintained or 
would result in a large amount of surplus power which is only 
needed under certain driving conditions. This means that only 
the second method can be adopted by introducing an effective 
air preheater. One with a high degree of waste-heat recovery at 
a low power expenditure is desired because of the additional pres- 
sure losses and—in the case of the regenerator—additional mass- 
flow losses and power output needed for actuation. The introduc- 
tion of a heat exchanger means, however, a considerable increase 
in weight of the gas-turbine unit, although the effect is partly 
offset by the reduction in weight of the fuel and fuel tanks for a 
certain range of the vehicle. These weight changes may also 
affect the weight of its carrying structure [12]. 

When comparing the regenerative with the recuperative proc- 
ess of heat exchange for the air preheater of a gas-turbine unit, it 
is important to keep in mind that, with a decrease in load, the 
effect on performance of the additional mass-flow losses of the 
former becomes less and less important because of the decreasing 
difference in pressure between the two heat-exchanging gases [13]. 
On the other hand, the pressure loss becomes more important. 
Considering the large cross-sectional areas of the rotor and stator 
available for the inflow and outflow of gases, even when these 
areas are necessarily reduced to decrease the mass-flow loss, this 
pressure loss should be smallest with the rotary type of regenera- 
tive air preheater [14]. A continuous gas flow is possible, an im- 
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Table 2 Assumptions made with regard to weights when comparing a 

long-distance coach powered by a diesel engine (conventional trans- 

mission) with one powered by a gas-turbine unit (split turbine), I-p 

turbine power-providing 

Weight of coach (empty, without engine, 
transmissions, fuel and fuel tanks, lub 
oil and oil tanks) 


Weight of pay load (37 people + luggage) 


16,820 
_ 6250 Ik 
Total: 23,070 Ik 
Engine + transmission 
(a) Diesel engine 
Weight of engine (including transmis- 
mission, battery, etc.) 3770 
Weight of fuel (40 gal of diesel oil) 350 
Weight of fuel tank ____ 86 
Total: 4206 


(b) Gas-turbine unit (including transmis- 
sion, battery, etc., but without air 
preheater) 724 


Air preheater, fuel, and fuel tank 
Gas- 
Pre- Fuel turbine, 
heater, Fuel, Gal, tank, unit total, 
Ib lb lb lb Ib 

Size ‘27 D” 
(Thermal 
ratio 76 per 
cent) 

Size “29 D” 
(Thermal 
ratio 83 per 
cent) 

Size “32 D” 
(Thermal 
ratio 90 per 
cent) 


465 1906 


635 464 53 104 1927 


portant property indeed, when this heat exchanger is connected to 
the other components of the gas-turbine unit. 

Hence the regenerative air preheater chosen for the gas-turbine 
unit Just mentioned has a rotor which is shaped as an annular disk. 
The matrix is housed in 24 separate but similar compartments, 
Fig. 3, fitted with their circular inlet and outlets into appropriate 
openings of the two frontal plates, Fig. 4, including the rotating 
parts of the seals (sliding type on the 1-t and nonsliding type on 
the h-t side). These two plates are connected by an inner and 
outer ring, the former with the races for the rotor support and 
the latter with the gear ring for the rotor drive. This drive is 
actuated by the compressor-driving turbine through two gears 
and a connecting shaft. The stator, Fig. 5, includes the two fron- 
tal sealing plates with the stationary parts of the seals. Mass-flow 
losses of less than 4 per cent can be achieved at full-load conditions 
with this sealing arrangement. Two air and two gas sides are 
arranged symmetrically so as to reduce distortion, the area of the 
latter being twice the area of the former in accordance with full- 
load optimization. 

The all important dimensions of such an air preheater are 
governed by the temperature changes required and the total 
pressure drop—effective and ineffective with regard to heat trans- 
fer—permitted. With the small equivalent diameters of the 
matrix necessary because of the restrictions mainly in weight, the 
most important dimensional property is the frontal area of the 
matrix. With certain shapes such as the annular disk, an increase 
in frontal area does not affect the size of the whole gas-turbine 
unit as much as with other shapes. Three gas-turbine units are 
shown in Fig. 6 differing mainly in the size of frontal area and hence 
the performance of the preheater. It can be seen that an increase 
in the area of the regenerator only slightly changes the space 
taken up by the whole gas-turbine unit. The change in its weight 
which depends on the OD of the matrix (27, 29, and 32 in. have 
been chosen as examples) is given in Fig. 7. Two types of matrix 
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Fig. 3 Regenerative air preheater for the gas-turbine unit 


CIRCULAR PORTS INNER RING WITH 
FOR MATRIX ELEMENTS RACES FOR SUPPORT 


2% 


25:50 IN.OD. 


/ \ 
OUTER RING WITH/ FRONTAL PLATE WITH 
GEAR FOR ORIVE FACES FOR SEALS 


Fig. 4 Frontal plate for regenerative air preheater 


have been studied, the plate (or flame-trap) type and the wire 
(gauze) type. From these investigations it can be concluded that 
the type of matrix has little effect on the weight. It is, however, 
interesting to note how large the parasitic-weight ratio of such a re- 
generative air preheater can be. By this ratio is meant a quotient 
of effective (matrix) weight to total weight of the air preheater. 
The total weight of the gas-turbine unit has been correlated in 
Fig. 8 with the size of the air preheater and hence the specific fuel 
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Fig. 8 Fuel consumption in terms of specific weight of gas-turbine unit 
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ig. 9 Working line of gas-turbine unit with Ip-vd turbine 
consumption as affected by this component. In this way the 
weight of the gas-turbine unit can be compared with the weight of 
a diesel engine having the same output. It is interesting to note 
how a slight improvement in the efficiency of the turbomachines 
coupled with a reduction in parasitic-pressure losses can greatly 
improve the specific weight of the gas-turbine unit. 

Where the l-p turbine is the power-providing section, the work- 
ing line will closely follow the line of maximum compressor ef- 
ficiency (assuming for instance, a single-stage radial compressor, 
Fig. 9). 

These working conditions do not quite coincide with those 
where maximum efficiency of the synchronous running power tur- 
bine is achieved, and they differ even more from those actually 
obtained because of the mechanical link of the power turbine with 
the vehicle. Optimum working conditions, that is, the best 
matching of gas-turbine performance and vehicle requirements 
can—at a certain gradient—be achieved only at one vehicle speed. 
If the gear ratio between the power providing and absorbing shafts 
is fixed accordingly, the power turbine will run either over or under- 
synchronous at any other speed, resulting in a decrease of turbine 
efficiency. With an l-p power turbine the difference between 
optimum and actual turbine speed, say at full load, is therefore 
large, with the result that an appreciable increase in specific fuel 
consumption is experienced, Fig. 10, due to a decrease in power 
available at the wheels of the vehicle and hence in its speed. This 
reduction in power does not affect the maximum positive torque 
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Fig. 10 Mileage comparison between diesel engine and gas-turbine unit 


available. Due to the overspeed of the turbine, a larger maximum 
torque ratio is obtained making up for the reduction in available 
power due to the inefficiency of the turbine. 

This torque is, however, not sufficient to exclude the need for 
gear change. When comparing the diesel with the gas-turbine- 
powered coach, a reduction in forward-gear stages from 4 to 2 
seems possible, Fig. 11. When choosing the best gear ratio it 
should be kept in mind that the maximum torque can be slightly 
raised if the mass flow and consequently the temperature and 
pressure before the h-p turbine is increased during the time of 
stalling the power turbine. To what extent this is possible de- 
pends, for instance, on the characteristics of the turbine blading 
especially under part-load conditions. Wide-pitched, bull-nosed 
profiles (usually giving a lower maximum but. a higher average effi- 
ciency ) require an increase in mass flow, and hence, temperature 
and pressure to an appreciable degree, coupled with an over- 
speed of the carefully matched compressor and its driving tur- 
bine. 

In the case of overspeeding, the mode of governing during the 
times the power turbine is stalled is of considerable importance. 
Governing at constant fuel supply is better than at constant 
speed and governing at constant turbine-inlet temperature is 
again better than at constant fuel supply, Fig. 11. However, the 
method of governing during this period of stalling the power tur- 
bine has to be properly adjusted to those at normal working con- 
ditions. As far as governing in general is concerned, it is to be 
noted that where the l-p turbine drives the vek.«/e, only the com- 
pressor and the compressor-driving h-p turbine part are directly 
controlled, provided that no special means are installed for an 
additional direct control of the power turbine. 

For applications, such as the propulsion of fast intercity coaches 
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Fig. 11 Choice of gear ratio and influence of governing on gas-turbine 
performance 


where the average load is high, the use of a gas-turbine unit 
with its l-p turbine driving such a vehicle seems to have certain 
advantages. If the weight of the air preheater, fuel, and fuel tank 
(as affected by the heat exchanger) is added to the weight of the 
gas turbine unit—without air preheater—including transmission, 
battery, and so forth, the minimum total weight can be obtained 
at a certain size (“29 D’’) of the air preheater, this weight being 
considerably lower than the weight of the diesel engine, Table 2. 
Hence, payload and earnings are increased with this weight 
saving [15]. Beyond a certain distance, the coach with a gas- 
turbine unit could be more economical than that with a diesel en- 
gine. There are also differences in costs for maintenance (includ- 
ing lubrication). From a comparison made with high-average- 
load gas-turbine units and diesel engines of about 2.5 to 5.0-mw 
power output it seems that these costs are very much in favor of 
the gas-turbine units. A similar picture should be obtained in the 
course of development of smaller power outputs for vehicle pro- 
pulsion, Fig. 12. 

The regenerative air preheater is an expensive component of the 
gas-turbine unit as it consists of fixed and moving parts requiring 
tolerances so as to secure small clearance losses, despite consid- 
erable thermal distortions. In addition a device is needed for 
actuating the moving part. The matrix, too, can be expensive 
if it is made from plates or wires because of: (a) Small dimen- 
sions (large gages) required, which have been optimized from a 
cost point of view; (b) either expensive materials or expensive 
protective methods for cheaper materials, so as to counteract the 
effect of scaling. 


Regenerator Sealing Problems and One Solution 


The power losses due to a regenerative air preheater, additional 
to those experienced when a recuperative preheater is used, are 
mainly due to mass-flow losses caused by the gap between the 
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fixed and movable parts of the regenerator, and the development 
of an effective seal is a major problem. These additional losses 
ean be balanced, Fig. 13, by an increase in matrix area and hence 
weight of the regenerator so as to reduce the pressure losses in its 
matrix. This area increase can be considerable, especially where 
a large temperature rise is required. 

Generally speaking, both noncontact |16] and contact seals can 
be employed, but in view of the penalty to be paid for any leakage 
at high loads, it will be advisable to use the latter type of seals 
whenever possible. Unfortunately, temperature conditions en- 
countered are very severe when it comes to, say, a sliding seal. 
Cooling can be provided for, but a more complicated design 
results. 

A large number of tests have been undertaken under relatively 
high temperatures to determine wear of different materials form- 
ing a sliding seal. The effect of suspending dry lubricants [17] 
such as graphite in at least one of the two contacting materials or 
protecting their sliding faces with molybdenum disulfide and 
other dry lubricants has been studied. 

The effective clearance area between the mating faces depends 
on: (a) The shape, (b) the length, and (c) the gap of the seal 
[18]. Any measures leading to a reduction in sealing length will 
-ause an increase in pressure loss. Optimization leads to a sealing 
length where the combined effect on gas-turbine performance 
of mass-flow and pressure losses is at a minimum. Circular 
shaped seals will always be easier to handle than other shapes. 
In the case of the regenerator with a disk-type rotor, for instance, 
two circular seals plus four interspersed straight seals are neces- 
sary, the latter number depending on the number of sides chosen. 
Straight seals are awkward when it comes to providing for a small 
effective gap. Surface roughness and waviness have to be taken 
into account. Temperature gradients also have an influence. 

Straight seals can be eliminated in a design [19] where annular 
sleeves slide in a cylinder actuating its inlet and outlet ports in 
very much the same way as in a two-stroke piston engine. In this 
case, a well-tried sealing element, the piston ring, can be success- 
fully employed. Provided that the weight is not too large the 
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matrix can be embedded in the sleeves, Fig. 14. Small amplitudes 
and a low average velocity, together with a relatively small pres- 
sure difference to be sealed off, ease the working conditions of the 
On the other hand, conditions are very severe on 
Lubrication 


piston rings. 
the high-temperature side of the heat exchanger. 
with oil or graphite suspended in a volatile liquid is necessary, and 
precautions should be taken so that no fouling of the matrix takes 
place. 

The matrix can be kept stationary and hence only the sleeves 
actuated, where the larger weights are encountered (which would 
make acceleration and deceleration more difficult), Fig. 15. This 
design has the additional advantage that the matrix shape need 
not be circular to better accommodate the matrix in a given 
space. 

Whatever design is being used two regenerators, or a “twin 
unit,’’ are necessary to allow for a more or less continuous gas flow 
as provided by the turbomachines of the gas-turbine unit. Tests 
have shown that the short interval during which flow is cut off 
from the combustion chambers has no major effect on the proper 
working of these components. These tests also gave proof that 
specific mass-flow losses less than 1 per cent can be achieved with 
a spring-type seal, such as the piston ring. 

Despite the introduction of such an expensive component as 
the air preheater, the part-load performance of the gas-turbine 
unit still needs to be improved mainly because of the reduction in 
maximum cycle temperature with load. As a result, thermal load 
of the different components of the gas-turbine unit is reduced with 
speed, an advantage where this load at maximum-power output 
is high and required for short periods only. The wisdom of doing 
so especially where relatively small maximum-power outputs are 
involved can, however, be disputed. In this case a moderate 
thermal load at maximum-power conditions might allow an in- 
crease in this load when speed is reduced with consequent im- 
provement in specific fuel consumption if such part-load condi- 
tions could be realized. 

The greatly improved positive-torque behavior is in most cases 
still inadequate for dispensing with forward-gear changes whereas 
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the good negative-torque behavior can only be maintained by in- 
troducing a device adding to cost, weight, and unreliability 

An alternative solution has therefore been sought and the fol- 
lowing section considers in some detail a propulsion unit wherein 
power is taken from the h-p in place of the usual I-p part of the 
turbine. 


Design Study of a Gas-Turbine Unit, the H-P Part of Its 
Turbine Driving a Passenger Car 


Stalling the l-p turbine part results in a power loss affecting the 
velocity and the temperature of its exhaust gases and therefore the 
working conditions of the air preheater, as well as the control of 
the whole gas-turbine unit. A rise in the available power of the 
h-p turbine part by an increase in the swallowing capacity of the 
1-p part due to such stalling slightly improves the positive torque 
obtained. The aim should be to increase such ‘‘surplus power” 
during the time when a large positive torque is needed, if possible, 
without any increase in fuel expenditure because of a recovery of 
the power wasted by the stalled turbine part. Such an improve- 
ment in the behavior of the gas-turbine unit is actually possible 
if its h-p turbine part is coupled to the vehicle. 

In such a unit, which allows for direct control of the power tur- 
bine, any stalling will affect the power available for the compres- 
sor driving turbine and hence the compressor, but will have little 
effect on the air preheater. Power lost by the h-p turbine part 
will be recovered to a certain extent by the following I-p turbine 
part with consequent increase in mass flow, pressure, and tem- 
perature, resulting in an increase in positive torque. Due to such 
power recovery, the positive-torque ratio is considerably im- 
proved, Fig. 16, even if the compressor and its driving turbine 
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cannot be overspeeded. At the same time, fuel consumption is 
reduced, Fig. 17, thus favorably affecting the average miles per 
gallon of the vehicle. 

For other reasons, too, the gas-turbine unit with the h-p power 
turbine is a typical ‘“low-average-load’’ prime mover. Over the 
whole range of loads, the maximum cycle temperature will change 
very little. The extent and kind of change depends greatly 
on the compressor characteristics. This means that better 
use is made of the material strength, the difference between maxi- 
mum-permissible and actual material temperature being re- 
duced. Mass flow is reduced faster than with the l-p power tur- 
bine and the air preheater effectiveness will also increase more 
quickly especially in the case of a laminar-flow matrix. A better 
specific fuel consumption is therefore obtained in the part-load 
region. This consumption is affected very little if the gas-turbine 
unit is installed in a vehicle. 

In view of the low average load required for passenger cars a 
compressor should be chosen with maximum efficiency at a rela- 
tively low pressure ratio. The working line will follow a line of 
constant temperature rather than a line of maximum compressor 
efficiency, Fig. 18. Maximum-power efficiency drop has little 
effect on average specific fuel consumption since maximum-load 
conditions obtain only for short periods. On the other hand, the 
working conditions dictated by the mechanical link of the driven 
wheels with the power turbine differ little from those conditions 
where this turbine runs at its best efficiency, Fig. 19. As a result 
the specific fuel consumption is little affected by the difference in 
actual and optimal working conditions. 

Apart from the effect of dividing the turbine on negative-torque 
behavior and on the mechanical and gas-dynamical design as 
mentioned before, the performance of the gas-turbine unit can be 
improved as far as requirements for vehicle propulsion are con- 
cerned by choosing the h-p instead of the l-p turbine for power. 
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The maximum working temperature of the air preheater is 
increased with this design when the load is reduced allowing an 
attractive alternative design of the heat exchanger, particularly 
if a regenerative type is chosen. 

Three aims should be uppermost: 


1 Reduction in weight without a deterioration in temperature 
gain and pressure loss. 

2 Indifference to sudden temperature peaks due, for example, 
to after-burning between the turbine outlet and the preheater 
inlet, the location and extent of such peaks being largely uncon- 
trollable. 

3 Reduction in parasitic-pressure losses caused by the ducts 
needed to join the preheater with the other components of the gas- 
turbine unit. 


As far as the last point is concerned, the fact is significant that 
interleaving of these ducts cannot be prevented, when a single 
annular-disk drum is used as the rotor of the regenerator, in spite 
of a well-executed design, Fig. 2. 

Where high thermal load is coupled with low stresses mainly 
due to thermal distortion, an excellent opportunity is offered to 
introduce light-weight, nonmetallic materials such as ceramics. 
Materials of this kind have been developed [20] to give a very 
small coefficient of thermal expansion even at high temperatures. 
In addition, methods have been devised to spray such materials 
in very thin layers [21], which facilitate the production of a 
matrix having a small equivalent diameter and at the same time 
a high ratio of transflux and initial area (permeability). Further 
progress in the realization of such matrices will undoubtedly be 
achieved by the use of ceramic papers [22]. 

The rotary regenerative heat exchanger is basically simple 
as it consists of only three different parts, namely the stator 
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plate, the rotor plate, both with the mating faces for the radial 
and circumferential seals, and the center part of the rotor casing 
with the matrix. The whole rotor has to be subdivided by ribs 
into compartments whereby their optimum number depends on 
the thickness as well as the number of ribs continuously covered 
by one of the circumferential seals, and the number of sides. 
The use of ceramic materials will restrict the size and shape of 
these parts of the heat exchanger and consequently leads to what 
may be called a composite regenerative heat exchanger, consisting 
of a number of similar elements as described, suitably arranged 
either frontally or polygonally in a common stator casing. If, 
for instance, the frontal arrangement of the elements is chosen, 
good use is made of the available space as can be seen from Fig. 20, 
The extent of frontal matrix area accommodated in this space 
is, of course, one criterion of a successful design. How far the 
kind of matrix affects the possibilities in this respect is shown in 
Fig. 21, where the effect of matrix choice on part-load behavior of 
the air preheater is also illustrated. It must, however, be kept in 
mind that at layout conditions, which usually mean average-load 
con/litions, a correlation is possible between temperature gain 
and pressure loss to give maximum efficiency of the gas-turbine 
unit as a function of the number of elements, Fig. 22. A large 
number of alternative sealing designs can be considered with the 
overriding consideration that where ceramic materials are being 
employed the utmost simplicity is an important design require- 
ment. Apart from plain, sliding seals, spring-type rings can be 
employed for either axial or radial sealing, and suitable flexible 
ceramic materials have been devised lately for such rings. The 
mass-flow loss due to clearance between the mating faces of the 
seals depends on the effective gap which in turn is governed not 
only by the finish of these faces but also the surface configuration 
as influenced by the dimensions, the temperature gradients, and 
last but not least by the coefficient of thermal expansion. With 
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Fig. 22 Maximum efficiency for two and four elements 


the pressure differences encountered in gas-turbine units the flow 
in these gaps will be supersonic in the region of larger loads, and 
subsonic in the region of lower loads, with a transition zone in 
between, Fig. 23. 

Weight is governed by the number of elements used as is the 
weight of the fuel and fuel tank necessary for a certain distance to 
be covered by the car. Adding these together leads to an opti- 
mum number of elements giving a minimum over-all weight 
governed, as will be seen from Fig. 24, by the type of matrix as 
well as its characteristic properties. 

Taking all these thermodynamic considerations into account, a 
certain amount of standardization may be possible with a com- 
posite air preheater as previously described. The number of ele- 
ments employed (as the actual standardized portion of the heat 
exchanger) allows adaptation to different mass flows and tem- 
perature changes whereas a small number of rotor parts of the ele- 
ments, differing in the depth of the matrix only, can cater for any 
reasonable pressure-drop requirements. The simplicity of the 
different parts of the element facilitates mass production. Full 
freedom can be given to the design of the actual stator casing, 
which if required can be split up, enabling each element to be 
contained in its own housing and thereby reducing weight and 
thermal distortion. In this case pressed sheets can be used for 
the stator casing of the air preheater. 

In a design study of a 120-h-p gas-turbine unit, Fig. 25, suitable 
for installation in the rear (because of the large volume of exhaust 
gases and the sensitivity to l-p pressure losses in the exhaust duct) 
of a low-average-load car, such a regenerative air preheater com- 
posed of four frontally arranged ceramic elements with an annu- 
lar-disk rotor has been chosen in connection with an h-p power 
turbine. The four rotors having an outside gear ring are driven 
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Fig. 23 Part load performance of plate type air preheater (clearance loss) 


by a common central-gear arrangement and actuated by means of 
a hydraulic motor coupled to a hydraulic generator which in turn 
is driven by the l-p turbine. The turbine-exhaust gases are led 
to the gas sides of the elements through an inner, annular duct of 
the common stator casing. In a similar way the air sides are 
connected by an outer duct in such a way that a single annular 
combustion chamber can be fitted with very low transition 
losses. Vaporization of fuel by means of the exhaust gases and 
distribution over a flame trap of the fuel vapor mixed with a small 
amount of preheated air, permits highly efficient combustion at all 
loads with a nonluminous flame, and allows low mixing-pressure 
loss, despite the small space available. 

A two-stage tangential-flow turbine has been chosen for the 
h-p turbine. Because of a small mean circumferential velocity 
and a large-mean-diameter-to-height ratio of the blades, these 
parts of the turbine can be integrally cast with the blade-carrier 
ring which is supported in a disk common to both stages. This 
layout leads to a relatively low speed and therefore allows the use 
of a simple conventional reduction gear. Only one forward and 
one reverse-gear step is used because of the good positive-torque 
behavior of such a gas-turbine unit. 

The single-stage centrifugal compressor is driven together with 
the auxiliaries near the inlet of this compressor by the single- 
stage centripetal turbine. The air is filtered, before entering the 
compressor, in a battery of straight-through vortex tubes housed 
in two compartments on each side of the gas-turbine unit. The 
dust thus collected is continuously removed by a suction blower. 

A practical optimization of the design requires a compromise 
between practical considerations and theoretical requirements 
such as the different thermodynamical optimum conditions [23]: 


1 The pressure change in the compressor and turbine and the 
temperature change in the air and gas sides of the preheater. 
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Fig. 24 Influence of air preheater 


2 The sizes of these two sides as governed mainly by the 
pressure change in the compressor. 

3 The temperature and pressure change in the preheater for a 
given over-all size of preheater. 

4 The weight of the whole gas-turbine unit including fuel and 
fuel tank as governed by factors 1 to 3 and the miles per gallon 
of the car propelled by it. 


These factors indicate that the performance [24] of such a car, 
Fig. 26, compares favorably with that obtainable when it is pro- 
pelled by a conventional petrol engine even if allowance is made 
for the further improvements in specific fuel consumption which 
may accrue from even larger compression ratios than are now in 
common use. Due to the inclusion of an air preheater the opti- 
mum car speed at which the best fuel consumption can be 
achieved—say at zero gradient—is considerably reduced. A 
very good performance can be obtained as practically no detri- 
mental effect of turbine efficiency is experienced due to over or 
underspeeding and favorable thermodynamic conditions prevail 
especially in the range of low loads. 

Summarizing the analysis up to this point it would appear that 
a number of important problems pertinent to the successful de- 
sign of a gas turbine for vehicle propulsion can be solved (especially 
where a good performance at low average loads is demanded) if 
the h-p instead of the I-p part of the turbine is used for power. 
The use of ceramic materials in the construction of regenerative 
air preheaters will not only eliminate any difficulties arising from 
unduly high temperatures but will also reduce weight. 

There are still, however, a number of outstanding problems. 
Apart from the fact that, for different vehicle requirements, dif- 
ferent turbine arrangements have to be chosen—a disadvantage 
from a manufacturing point of view—there remain the design 
drawbacks resulting from splitting the turbine, the lack of a nega- 
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Fig. 26 


tive torque, and the partly indirect control with its effect on re- 
sponse to load changes [11]. Again, in spite of its attractiveness, 
the regenerative heat exchanger is certainly more complicated 
than its recuperative counterpart [12]. The positive-torque ratio 
which can be realized, although sufficient for a number of applica- 
tions may still be too small where heavy vehicles are involved or 
where such vehicles have to work under difficult conditions [12]. 

Recovery of power, otherwise wasted when the power shaft of 
the gas-turbine unit is stalled, seems to show a way for further 
improvement in its behavior when propelling vehicles. Where 
the h-p part of the turbine is affected by such stalling, the power 
recovered is indirectly supplied to the compressor through the l-p 
turbine. The question arises: ‘Is there any possibility of affect- 
ing the compressor directly by this power recovery so that 
splitting of the turbine is unnecessary?’ The answer to this ques- 
tion leads to the gas-turbine unit with a split compressor, and a 
differential gear between the two compressor parts and the power- 
transmitting shaft. 


Gas-Turbine Unit With a Divided Compressor and a Differ- 
ential Gear Between the Shafts of the Two Compressor 
Parts and the Power-Transmitting Shaft 


The problem is to design a simple open-cycle gas-turbine unit, 
Fig. 27(a), consisting of one compressor and one turbine with a 
device which allows preservation of its power when the power 
shaft is stalled so that the positive torque applied to this shaft 
can be increased. This can actually be achieved by supercharging 
such a gas-turbine unit to an extent depending on its working 
conditions, and hence making full use of its adaptability to 
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Fig. 27 Automotive gas turbine with split compressor 


large surplus power. What is needed then, is to divide the 
compressor into two parts (or to put it differently to add a second 
compressor) and to introduce a differential gear in such a way 
that under normal working conditions far more compressor work 
is done by the compressor part directly linked with the undivided 
turbine than by the other compressor part. Two arrangements 
are possible as either the I-p or the h-p compressor part can be 
directly driven by the turbine, Figs. 27(b and c). If in such a 
gas-turbine unit, the power shaft is stalled (the best way of visual- 
izing the effect is by assuming standstill) some of the power which 
under normal working conditions is transmitted by the shaft to 
the wheels of the vehicle is diverted to the compressor part in- 
directly connected to the turbine, thus increasing its compression 
work. The extent to which power is transferred in such a way 
depends on the stalling condition of the power-transmitting shaft; 
at standstill the whole power is transmitted to the additional com- 
pressor part. Due to the increase in compression work of both 
compressor parts, aerodynamically coupled in series, pressure and 
temperature of the working gas at the inlet of the turbine will be 
raised. Thus the torque on the power-transmitting shaft will in- 
crease continuously until either the vehicle requirements are ful- 
filled or the limits of such supercharging are reached. The work- 
ing conditions of the turbine as far as the difference in its actual 
and optimal speed are concerned will be altered during this proc- 
ess of stalling and will have an additional effect on the torque 
produced by the turbine. In this way a positive torque can be 
achieved which will be sufficient for all vehicle requirements, and 
this torque can be adjusted in a simple way to such needs by the 
ratio of the differential gear. 

Fig. 28 illustrates how the gear ratio affects the maximum 
positive torque (complete stalling) at a constant over-all pressure 
ratio of the two compressor parts together. The higher the gear 
ratio the larger this torque, with a ceiling value of 4.60 at an 
infinite gear ratio. In this illustration a comparison has also been 
made between the differential gas turbine having only one com- 
pressor and one turbine [25], and the gas turbine with a split 
compressor. Although the former is, mathematically speaking, a 
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border case of the latter, there is no resemblance whatsoever in 
the basic principle of how these two gas-turbine units work with 
the exception of the use of a differential gear. A much larger 
positive torque can be obtained if the capacity of the two com- 
pressors is fully exploited. Very large positive-torque ratios can 
indeed be obtained with an increase in this temperature under 
such conditions. 

A further advantage of this design is that existing gas-turbine 
units without a split compressor can be adapted to the require- 
ments of vehicle propulsion in a relatively simple way without the 
need of splitting the turbine. This is especially important where, 
for instance, a centripetal turbine [26] has been chosen not only 
for its simplicity and favorable stressing under high-temperature 
conditions but also because of the conditions as far as matching 
is concerned, due to the similarity of its characteristics with those 
of the centrifugal compressor [27]. 

All turbomachines are mechanically linked with the power- 
transmitting shaft which means that they can be directly con- 
trolled without additional means. A quick response to load 
changes is therefore secured. 

A further advantage of such gas-turbine units is the fact that 
they can produce a sufficiently large negative torque without the 
introduction of another additional device. 

The maximum negative torque which again depends on the 
gear ratio will be about two thirds of the maximum positive 
torque. If means are introduced for blocking either the move- 
ment of the outer or the inner gear train, this negative-torque ratio 
can be increased considerably. 

The behavior of the gas-turbine unit from a thermodynamic 
point of view is closely connected with: 


(a) The requirements of the gear (that is, the law linking forces 
and velocities applied to the different gear trains). Three distinct 
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Fig. 29 The different torque conditions 


conditions are of interest: The “positive-torque” conditions, 
Fig. 29(a); the “no-torque’’ condition, Fig. 29(b); and the 
“negative-torque”’ condition, Fig. 29(c). 

(b) The requirements of the turbine (that is, the law linking 
mass flow, pressure, and temperature). 


If the change in maximum cycle temperature, say, at constant 
maximum pressure, and therefore the change of power output and 
heat input with load are studied, it is useful to introduce the ratio 
of the speeds of the outer and inner gear train as the variable. 
This speed ratio is linked with the speed of the output shaft in a 
rather complicated way, Fig. 30. How much the gear ratio af- 
fects, for instance, the maximum cycle temperature can be seen 
from Fig. 31. The turbine-inlet temperature of the differential 
gas turbine with an unsplit compressor decreases with the speed 
ratio, whereas the temperature of the gas turbine with a split 
compressor is increased first, to reach a maximum value, and 
is then decreased below its initial value. Location and value of 
the maximum turbine-inlet temperature again is a function of the 
gear ratio. The mass flow is slightly decreased until it reaches a 
minimum value and then increases toward the maximum torque 
conditions. The power output, arising mainly from the turbine- 
inlet temperature, is increased to reach a maximum value occur- 
ring at a certain speed ratio and is then reduced if this ratio is 
further decreased. Fig. 32 gives an idea of this favorable change 
of output with speed ratio achieved by splitting the compressor. 
With an unsplit compressor, the output is reduced continuously 
with the speed ratio. The heat input changes in a similar way to 
the power output. Again a maximum value is obtained, Fig. 33. 

The quotient of power output and heat input is the efficiency. 
This important property is favorable too, showing, for instance, 
with high waste-heat recovery, a minimum value at a certain 
speed ratio. Over a large part of the load range, the change in 
specific fuel consumption is relatively small. 
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Fig. 31 Gear ratio, split: 11.93; unsplit: 


2.60. 


One of the main difficulties when designing a gas-turbine unit 
with a split compressor concerns the two compressor parts. Apart 
from its effect on the mechanical design of the gas-turbine unit, 
the decision, which of the two-part compressors should be in- 
directly and which directly linked with the turbine, affects the 
working conditions of the compressors. These conditions govern 
those compressor characteristics, the realization of which should 
be aimed at so as to achieve a good over-all performance of the 
gas-turbine unit concerned. The use of centrifugal compressors 
with a vaneless diffuser and a centripetal turbine with a vaneless 
nozzle is interesting in this respect. 
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Fig. 32 Power output 


There are many existing gas-turbine units where splitting the 
turbine is considered an undesirable way of adjustment to vehicle- 
propulsion requirements. This applies, for instance, to all those 
units especially suitable for small mass flows where a one or two- 
stage centrifugal compressor is driven by a single-stage centripetal 
turbine. This type of turbine cannot be split easily; on the other 
hand it is advantageous in many ways when connected to a centrif- 
ugal compressor [28]. 

By realizing a gas-turbine unit with a split compressor, all the 
important problems connected with the requirements of vehicle 
propulsion would appear to be solved satisfactorily. This gas- 
turbine unit, truly suitable for this purpose, can be designed in 
such a way that different requirements can be met mainly by the 
choice of its gear ratio and the adaptation of its turbomachines 
to give the best possible performance. 


Recuperator Composed of Standardized, Mass-Produced 
Elements 


Whatever mode of heat transfer and design of heat exchanger 
is chosen, the air preheater will be an expensive component of the 
gas-turbine unit, mainly because of material costs. The only way 
of keeping down the price of such a heat exchanger is by a design 
which allows mass production. It should be adaptable to different 
component arrangements of the gas-turbine unit as well as to 
different working conditions with regard to mass flow, tempera- 
ture, and pressure changes. 


TRANSACTIONS OF THE ASME 











— FULL Lines wiTHouT (0%) 
<7 DOTTED Line = wiTH (100%) 
~._ \\WASTE HEAT RECOVERY. 


‘ 
4 




















AFT. 





i. a 











a ---- 








—n2 


=, 





RATIO OF HEAT INPUTS. [%] 





Ti | 
So == 
N 
ie 


. 














‘ee $e -- == 





' \ \ 

' ‘ 
\ fb 
r7 BEd 


‘ 
\ 





























40 60 
Speen Ratio. [%] 
Fig. 33 Heat input 


An appropriate solution to this problem of adaptability seems 
to be a recuperative air preheater composed of a certain number of 
similar, mass-produced elements. Again, different working con- 
ditions lead to different element numbers. Greater freedom with 
regard to arrangement than with the regenerative elements 
(mainly because of their drive) is, however, obtained when re- 
cuperative elements are fitted into the general design of a gas- 
turbine unit in such a way that parasitic-pressure losses are kept 
small despite compactness. 

Two basic types of matrix have to be considered in this respect 
when a recuperative heat exchanger is designed; one built up by 
tubes, the other by plates. A two-pass air preheater, following 
the annular outlet of the turbine, with an annular arrangement of 
its tube nests, fits nicely into most designs of gas-turbine units. 
The well-diffused turbine-exhaust gas enters the tube nests cen- 
trally and circumflows the tubes without change of direction. On 
the other hand the air inside the tubes changes direction (180-deg 
angle) in such a way that it enters and leaves on the same side of 
the tube nests. An annular combustion chamber, cooled by the 
air before entering the tubes, can therefore be fitted between air- 
preheater outlet and turbine inlet. 

The diameters of plain, thin-walled tubes necessary to keep 
the bulk of the preheater within limits are so small that not only 
the cost of the tubes themselves, but also the cost of fixing them 
reliably in the tube plate, would be prohibitive. However, the 
situation as far as the diameter is concerned, can be considerably 
improved if a convoluted tube is used instead of a plain one, Fig. 
34. Larger diameters can then be employed, thus facilitating fix- 
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ing, Fig. 34(a). Again it is useful to have the gas outside and the 
air inside the tubes. The use of spacers which can be made from 
any suitable light-weight materials, Fig. 34(b), not only improves 
the gas flow but also prevents mixing of the gas and hence increases 
heat transfer considerably. If such spacers (which can have dif- 
ferent shapes) are used, a certain amount of self-cleaning of the 
gas can be achieved because of the centrifugal forces acting on the 
bends around the tubes on the contaminating particles. For the 
some reason, heat transfer is improved as the cold gas is con- 
tinuously removed from the tube surface and replaced by the hot, 
Fig. 34(c). Heat transfer and flow resistance on the tube inside 
depend very much on both the stiape and size of the convolutes as 
well as the air velocity. Conditions in this respect can be im- 
proved in some cases by using an insert for the tubes, thus forcing 
the air toward the convolutes. In addition a helical move- 
ment of the air inside the tubes can improve the relation between 
heat transfer and flow resistance. A matrix built up by such con- 
voluted tubes has the advantage of a good adjustability to the 
effect of thermal expansion, a property especially important in 
the case of a cross-flow heat exchanger. On the other hand, the 
costs of such tubes, especially where large gages are asked for, 
are again too high for most practical applications. 

The matrix consisting of convoluted tubes leads to the plate- 
type matrix. Elements based on this kind of matrix seem to have 
the greatest chance of providing a good solution to the air-pre- 
heater problem in connection with automotive gas-turbine units. 

Only four different parts, simple in their design, are needed, 
Fig. 35, to make up a plate-type matrix: 


1 The backing plates arranged parallel to each other, 

2 The spacer bars, following the outer contour of the backing 
plates thus forming flat channels with two openings, 

3 The rectangular center (main) corrugation, 

4 The triangular inlet and outlet (additional) corrugations, 
which subdivide the channel into a large number of open ducts. 


Heat transfer as well as flow resistance can be increased if the 
corrugations are interrupted by slits and if, in addition, sections 
between consecutive slits are deformed in such a way that stag- 
gered fins are formed. 

All these parts can be made from sheet material, the wall thick- 
ness of which can be optimized from a cost point of view. The ° 
kind of material to be used as well as other factors such as fuel 
costs, maintenance costs, and serviceable life (effect of scaling) 
affect such optimum considerations. 

One backing plate, two spacer bars, one inlet, one center, and 
one outlet corrugation form what may be called a cell as the 
basic assembly of the matrix. A matrix block consists of about 
100 to 200 cells their number being limited mainly by production 
considerations as well as considerations concerning the effect of 
thermal expansion. All the parts forming such a block are joined 
together by brazing; the brazing material is applied by different 
methods to the two surfaces of the backing plate only. 

When choosing the dimensions of the matrix block, which 
govern the equivalent diameter, it has to be remembered that the 
gap between the backing plates and the length of the corruga- 
tions (together with their wall thickness) affect the flow area of the 
ducts formed by these parts. Hence small equivalent diameters 
lead to small areas. A periodically and automatically working 
cleaning device is therefore essential to prevent clogging of these 
areas of flow. Means for its actuation can be included in the 
design of the matrix block, Fig. 36. The spacer bars on the gas 
side have slots penetrating about half their width which join 
similar slots in the center corrugation. The spacer bars on the 
air side have no such slots. Hence, after the matrix block has 
been brazed, approximately half-circular recesses on each side of 
this block can be milled out in such a way that the slots in the 
spacer bars and hence those in the center corrugations are con- 
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nected with the outside. By welding a slit tube of proper OD 
into these recesses, a cleaning fluid such as, for instance, com- 
pressed air with or without a suitable detergent, can be led from 
these tubes into the center corrugation of the gas side. This fluid 
will expand in both directions through the ducts of the corruga- 
tions and finally escape together with the contamination removed, 
through their inlet and outlet openings in very much the same 
way as in a regenerator. 

The backing plate and hence the spacer bars can, of course, 
have different shapes. A circular shape was chosen for a matrix 
block, Fig. 37, used for testing the effect of thermal shocks on the 
tightness of the matrix. 

Two or more matrix blocks are joined together to form an ele- 
ment by a common inlet and outlet header for the air, Fig. 38. 
The inlet and outlet ducts for the nonpressurized gas can be sim- 
ply formed by the casings of the composite heat exchanger, made 
from sheet material. Simple light-weight headers, as distributing 
ducts for the high-pressure air, designed to suit the requirements 
of different gas-turbine units, are as important as the matrix, be- 
cause of their effect on exchangeability and interchangeability. 
Simplicity, flexibility, and gas-tightness of the joints have to be 
matched with the need for a low parasitic-pressure loss. For this 
reason simple tubular shapes are preferred because of strength-to- 
weight as well as manufacturing considerations. Several designs 
of such headers are possible; one is shown in Fig. 39. 

The choice of shape of the backing plates can be affected by op- 
timum considerations [29], which in turn depend on the average 
load of the gas-turbine unit concerned. A “symmetrical’”’ design 
has been obtained with a hexagonally-shaped backing plate which 
is especially suitable for low average loads. Spacer bars and corru- 
gations are the same on the air and the gas sides, that is, one and 
the same cell can be used for both sides, thus greatly facilitating 
mass production. 

If, however, the average load is high the cells on the air and gas 
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sides may be different because of optimum considerations con- 
cerning the minimum specific fuel consumption of the gas-turbine 
unit at average-load conditions. The higher the average load the 
greater difference in dimensions on the two sides for optimum 
working conditions. 

An unsymmetrical rectangular-backing-plate design, Fig. 40, 
may best serve where large average loads are experienced. All 
parts on air and gas sides with the exception of the backing plates 
are different in shape and size. 

The parasitic weight of such recuperative elements is greatly 
reduced, Fig. 41, when compared with regenerative elements. A 
further reduction can be achieved if the straight spacer bars on 
the gas side are made hollow instead of solid say by using U- 
shaped strips, which also add to flexibility. Not only the para- 
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sitic weight but also the total weight of the element is affected 
by the choice of the width, with effect on thermal expansion and 
contraction and consequent stresses. This weight should be kept 
within such limits that the element can be readily fitted without 
unduly increasing the number of ducts to be joined when so 
doing. 

New protective methods for parts of the elements directly ex- 
posed to the hot gases will result in a reduction in material costs, 
improve reliability, will lengthen serviceable life of the air pre- 
heater, and therefore remove the last drawback when comparing 
the recuperative with the future regenerative-type of heat ex- 
changer. 

It can be assumed that standardization of the elements will be 
possible so that they can be used for different designs and dif- 
ferent sizes of gas-turbine units. The dimension upon which such 
standardization should be based is the height of the center corru- 
gation. A study of the requirements with regard to these dimen- 
sional changes shows that very few element sizes are necessary 
to cater for all such requirements. 


Conclusions, With a Look Into the Future 


Because of the conditions encountered, a road vehicle requires 
a gas-turbine unit differing from the designs employed, for 
example, in connection with aircraft propulsion. The disadvan- 
tages introduced when splitting the turbine are overcome and 
the advantages gained are even enhanced, if the compressor is 
divided instead of the turbine and a differential gear introduced. 
Without any basic changes in this design such a gas-turbine unit 
can be adapted to different average-load requirements simply by 
a change in the ratio of this gear. 

Compared with the present-day multicylinder piston engine 
coupled to the driving wheels through a complicated transmission 
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consisting of a fluid drive working in conjunction with a me- PULL LINES «WITH SPACERBARS 
chanical gear and the final drive, the simplicity of the gas-turbine | QOTTEO Lawes = wit SHAPED EDGES 
unit is striking. As a high speed turbomachine such a unit is far 
more suitable for large ‘‘surplus-power”’ driving conditions than a 
piston engine where such power can only be obtained by a larger 
displacement due to either larger or more cylinders and a higher 
speed. In addition, a gas-turbine unit can show all the ad- 
vantages gained by introducing a fluid drive for transmitting the 
power of the piston engine to the wheels of the vehicle without the 
complications involved. The fact that temperature is added as 
another variable to pressure and mass flow permits a larger 
flexibility of the gas-turbine unit to meet vehicle requirements, 
provided its components are properly chosen, arranged, and de- 
signed. The additional advantage of a greatly improved positive 
and negative-torque behavior at a reduced outlay in fuel under 
accelerating, idling, and decelerating conditions is obtained with- 
out additional means, such as a clutch and/or free wheel to cut 
out the effect of the lack of mechanical connection between pump 
and turbine in cases where motor braking is required. 

These advantages of a gas-turbine unit should be assessed in 
the light of increases both in density and speed of traffic which 
lead to automatic fluid drive as a means of relieving the driver 
who has to cope with such conditions. 

Apart from the effect of splitting the compressor, on fuel con- 
sumption during times of acceleration, idling, and deceleration, 
the realization of a simple and reliable recuperative air preheater 
makes such a gas turbine unit also competitive with the piston 
engine as far as average miles per gallon are concerned. The im- 
portance of a close study of optimum dimensions of such a heat 
exchanger because of their effect on the efficiency of the gas-tur- 
bine unit and its weight, should be emphasized at this point, to- 
gether with the need for extreme care in designing ducts between 
the air preheater and other adjacent components of the gas-tur- wioth _[ ws] 
bine unit so as to minimize parasitic-pressure losses. A high Fig. 41 Correlation of parasitic and actual weight for different widths 
effectiveness when converting dynamic into static pressure and and heights 
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vice versa is one of the most important properties to be sought 
when designing an automotive gas-turbine unit. Further im- 
provements in fuel and air consumption should be attempted by 
increasing the efficiencies of its components such as the turbo- 
machines, and the last step in the endeavor to realize the best 
performance should be an increase in turbine-inlet temperature. 

The future of any heat engine such as the gas turbine unit can 
only be properly assessed in the light of the fuel it will be using. 
Higher octane numbers are needed when the compression ratio of 
the petrol engine is increased to its economical limit and a higher 
cetane number is necessary if the speed of the diesel engine is to 
be raised. Both development trends might be affected if direct 
cooling instead of indirect cooling is used in the future, and if 
turbosuperchargers are employed. No requirements have to be 
met in the gas turbine unit with regard to ignition temperature 
and ignition speed. Within reason, this heat engine can use any 
kind of fuel, provided it is free from subtances attacking materials 
wetted by the combustion gases, especially under high tempera- 
tures. In this connection, it should be emphasized that apart 
from the temperature this attack is governed by a number of other 
factors and that a proper design can greatly diminish the effect 
of such an attack [30]. The robustness of the centripetal turbine 
is one example in this respect. Attempts now being made to 
“construct” a fuel for the gas turbine, suitable for all working 
conditions, will no doubt continue. 

The place which will eventually be taken by the gas turbine as 
a prime mover for vehicles can only be guessed in the light of the 
probable further development of atomic energy to replace our 
dwindling oil resources. 

New types of reactors will be necessary requiring new materials 
as well as new coolants for the realization of improvements on the 
thermodynamic side with particular emphasis on the maximum 
permissible cycle temperature and pressure. The direct use of 
atomic energy [31] for road vehicle propulsion is hardly feasible 
for obvious reasons. The storage of atomic energy in an agent 
releasing this energy in the form of heat under certain conditions 
without any danger of irradiation in a heat engine especially 
designed for this purpose is required. The development of such 
an agent may be one of the greatest challenges to the chemical 
industry. The ever-increasing requirements for constructed 
fuels, say for rockets or the like, will undoubtedly speed up such 
developments. 

In connection with the creation of new fuels by use of fission 
and later fusion, the gas-turbine unit—properly developed for 
these new kinds of fuel—will play an ever-increasing role. 
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DISCUSSION 
D. W. HUTCHINSON? 


The authors are to be congratulated on a most comprehensive 
and stimulating presentation including much information of 
value. The results of the work in the field of automotive heat 
exchangers will have particular influence on the design of future 
automotive gas turbines. 

The suggested means for increasing the torque multiplication of 
vehicular turbine also has merit, but is not restricted to the split- 
compressor differential power plants described in detail. The 
ability of the simplest form of differential gas turbine to provide 
torque multiplication by similar means, and the disadvantages of 
such an approach, are noted in the literature. The maximum 
torque multiplication of a simple differential-gas-turbine is about 
4.0:1. 

However, torque multiplication is not the most serious problem 
facing the gas turbine today as witnessed by the fact that our 
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standard of reference, the piston engine, has marked inferiority in 
this respect. Increasing torque is beneficial but does not in itself 
provide a solution to the problems of present automotive gas 
turbine—the excessive time required to change from idle to full 
power—to mention one.‘ 

The value of torque multiplication for vehicle acceleration (the 
only practical application for maximum power in an automobile) 
cannot be evaluated separately from the power-response and out- 
put-inertia characteristics of a power plant. For example, a 
simple differential gas turbine, having no steady-state torque 
multiplication, can accelerate an automobile from standstill to 
cruising speed quicker than a conventional free-turbine power 
plant having a steady-state torque multiplication of over 2:1. 
This apparently implausible result is explainable by the dif- 
ferential gas turbine’s much shorter time requirement to ac- 
celerate the compressor from idle speed to maximum, and by the 
fact that by the time the “free turbine” achieves maximum com- 
pressor speed its output speed is sufficiently high to reduce its 
torque multiplication. These results also are influenced by the 
inertial characteristics which cause the transient output torque 
of the differential gas turbine to exceed steady-state values, and 
the transient output torque of a free-turbine to be less than steady- 
state values. 

The authors might wish to provide additional information on the 
following factors in comparing the relative merits of the various 
forms of differential gas turbines for automotive use: 


1 The cost of the torque-multiplication improvement result- 
ing from the addition of a compressor to the simplest form of dif- 
ferential gas turbine—in terms of the reduction in the simpler 
power plant’s advantages of faster power response, better part- 
load fuel economy, and lower output inertia, compared to the con- 
ventional free turbine. The cost of adding a turbine instead of a 
compressor has been established.‘ 

2 The limitations imposed on the torque multiplication (gear 
ratio) of a split-compressor differential gas turbine by the al- 
lowable speed variation of the shafts resulting from the require- 
ment for matching the compressor air flows and maintaining the 
turbine at or near its optimum velocity ratio. 


J. C. MILES® 


The authors are to be commended for the very broad scope 
of this paper. It provides challenging thoughts on many 
aspects of the earth-bound version of the gas turbine. Of par- 
ticular interest are the comments on possible differential com- 
binations, divided compressors, and turbines; also of interest are 
the behavior characteristics when the gas flow enters the high- 
pressure or power turbine first. Over-all behavior of such com- 
binations, while appearing favorable at first inspection, requires 
very careful analysis to predict fully the actual performance. 

Simplicity, small bulk, and small mass per horsepower con- 
stitute the primary merits of the gas turbine, and have won for it 
undisputed supremacy in the air. Compound systems, heat 
exchangers, and reduction gearing enter in strongly to neutralize 
these merits for ground application. Only those modifications 
are warranted which provide improved performance in propor- 
tion to cost, bulk, weight, and complexity of design. In other 
words, simplicity is still the keynote of good design. 

The battle toward high efficiency is being waged on one hand by 
the proponents of high pressure ratios and high component ef- 
ficiencies and, on the other hand, by the advocates of heat ex- 
changers. Although this struggle is currently undecided, the 
majority of opinion seems to favor the heat exchanger. The 
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writer shares this viewpoint with the authors, since it is known 
that only 30 lb of heat exchanger can provide 82 per cent effective- 
ness per pound-second of air flow in a turbine of optimum design. 
Present practice assumes 300 lb of heat exchanger are necessary 
for 82 per cent effectiveness, and some large industrial turbines 
are currently using 1200 lb of heat exchanger per pound-second of 
air flow at only 70 per cent effectiveness. 

The potential for further reduction of heat-exchanger mass and 
volume is as great as that for improving turbine-component ef- 
ficiencies. The regenerated cycle will profit from all component 
improvements plus heat-exchanger improvements, but, of course, 
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the nonregenerated cycle cannot profit from any heat-exchanger 


improvement. 
Industrial and marine turbines, particularly those operating 


on the regenerated cycle, seemingly have suffered from an over- 
influence of aircraft practice. To design an aircraft-type turbine 
for industrial use and then add a heat exchanger is as illogical as 
doing the reverse. A fully integrated design of heat exchanger 
and turbine would yield a much improved machine. The design 
should provide maximum simplicity, shortest possible flow path, 
single combustor, full annular flow, optimum pressure ratio, 
optimum torque characteristic, and a fuel consumption closely 
approaching that of a diesel. 
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outages. 


number of unexplainable bearing failures. 
these failures was due to a Static voltage generated in the steam turbine. 
to the problem is to ground the turbine shaft. 


Electrostatic Shaft Voltage on 
Steam-Turbine Rotors 


Several different types of shaft voltages can be present on steam-turbine rotors. 
one type that has gained increased significance in the past five years is the direct-current 
or electrostatic voltage. 
problem. This voltage has been causing damage to different turbine parts and, without 
warning to turbine operators, has been responsible for a number of serious turbine 
The investigation which was undertaken by the authors was the result of a 


The 


Prior to this period, electrostatic shaft voltage had not been a 


The investigation showed that the cause of 
The solution 
This has eliminated the turbine shutdowns 


caused by bearing failures resulting from electrostatic voltage. 


Introduction 


| CURRENTS in electric machinery, resulting 
from an a-c electromagnetic voltage, have been described by 
many authors during the past 50 years [1].2_ Published informa- 
tion on d-c electrostatic voltages on steam turbines is practically 
nonexistent. In 1948, one author [2] wrote that ‘as far as the 
author is aware, nothing has been published on the subject of 
electrostatic charges being caused by the brushing effects of steam 
on the turbine blading.’”’? This is not only true today, but owing 
to the absence of investigation in this field, the turbine industry 
has advanced in ever-increasing power output without gaining a 
working knowledge of the phenomenon of electrostatic voltage 
in steam turbines. At present, many turbine operators are 
aware of the presence and effects of static shaft voltage, but there 
exists a lack of understanding of the different types of voltage, 
their effects, and the need for removal. 

The results of bearing damage from d-c voltage were first recog- 
nized by the authors in 1951, following a thrust-bearing failure on 
a 6250-kw turbine which was in service less than 1 year. The 
magnitude of the problem was established following 12 thrust- 
bearing failures on a group of 14 duplicate units late in 1953. 

The investigation that followed resulted in a better under- 
standing of all the types of voltages on turbine rotors. The field 
tests corroborated the concept that the static charges were gener- 
ated by the water in the steam. With the aid of a laboratory bear- 
ing test stand the damage to bearings was duplicated and a con- 
tacting shoe that removed the voltage from the shaft was devel- 
oped. 


General Considerations 


When an electrostatic potential is generated on a steam-turbine 
rotor, the voltage level is dependent upon many design variables 
which determine the resistance in the circuit to ground. Modern 


1 When this paper was written the authors included information 
and expressed opinions believed to be correct and reliable. Because 
of the constant advance of technical knowledge, the widely differing 
conditions of possible specific applications, and the possibility of 
misapplication, any application of the contents of this paper must be 
at the sole discretion and responsibility of the user. 

2 Numbers in brackets designate References at end of Paper. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 15-19, 1958, of Tae AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
January 3, 1958. Paper No. 58—SA-5. 
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turbines are manufactured with either centrifugal or gear-driven 
main lubricating-oil pumps. These two types of pumps employ 
many different parts, each of which has an effect on the shaft volt- 
age as the design is varied. Asan example, on a turbine with a 
centrifugal pump the voltage is dependent upon thrust and jour- 
nal-bearing design, while on the geared-type pump the voltage in 
all probability will be dependent on the worm-and-gear drive and 
any antifriction bearings in the pump. 

The nature of the damage in all cases is similar. Steel or bab- 
bitt surfaces, originally shiny, assume a satin or gray finish to the 
naked eye. The surface otherwise appears normal and may be 
very easily overlooked by servicemen except those familia: with 
shaft-voltage effects. 

The nature of the damage becomes more apparent when a gray 
surface is viewed with a magnification of K 25. 

A representative sample of babbitt damage is the thrust bear- 
ing shown in Fig. 1. This is a tapered-land main thrust plate 
from a turbine with a centrifugal pump front standard. The 
light-gray areas are in the region of the minimum oil-film thick- 
ness and extend into the tapered, or approach side of the land. 
Fig. 2 is one location on the plate at X25. This type of damage 
alters the shape of the bearing surface to the extent that the plate 
loses its capacity to carry the load. After this condition is 
reached, the babbitt wipes away, taking with it any evidence that 
the source of trouble was shaft voltage. 

Steel surfaces become damaged by pitting in a manner similar 
to babbitt; however, at a slower wear rate. An example of 
shaft-voltage effects on steel is shown in Figs. 3 and 4. These are 
X1 and X25 photographs of a case-hardened mild-carbon-steel 
thrust runner with 3-in. OD which operated against a babbitt 
plate in the main oil pump of a geared-type pump. The pitting 
on steel is normally smaller in diameter and in depth. 


Field Investigations 


A program of field tests was undertaken to determine what 
types of turbines have d-c voltage and to study the nature of d-c 
voltage to determine what controls its presence and magnitude. 

To obtain the desired information, turbines were selected to 
cover a range of condensing and noncondensing steam conditions. 
Jenerator and mechanical drive units covering a range of ratings 


from 4600 to 25,000 kw were included. Table 1 is a summary of 
the turbines tested. The voltage recorded in the last column of 
this table is the maximum d-c voltage taken with a 20,000-ohm 
per volt voltmeter, covering a 10 to 30-min period of time on the 
specific day of the test. Subsequent to the initial tests on these 
turbines a few were singled out for daily checks over a period of 


JANUARY 1959 / 97 





Fig. 1 
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Fig. 2 Babbitt damage of bearing in Fig. 1; 


many months. A large variety of information was gathered as a 
result of the initial field tests. These can best be presented by 
discussing a few test details on 11 of the 20 units tested. 

Turbine No.1. This unit is a straight condensing turbine with 
a centrifugal pump front standard. The thrust bearing for the 
main oil pump was damaged from d-c voltage after the first 6 
months of operation. It was redesigned to a larger capacity. 
Six months later the main-turbine thrust was removed for in- 
spection. Fig. 1 shows the lower half active thrust plate after 12 
months’ total operation. It is a 6l-sq-in. tapered-land bearing 
with 6'/; in. ID and 15'/, in. OD. In Fig. 1 the areas light in 
color are damaged due to pitting from shaft voltage. Fig. 2 is a 
photograph at X25, of the bearing in Fig. 1 showing the surface 
midway between the damaged and undamaged areas. From an 
optical focus it was estimated that the depth of pits averaged 
0.0002 in. 

Turbine No. 4. 
unit are shown in Fig. 5. 


Two oscillograms of the voltage found on this 
The exposure time for both photo- 
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Lower half tapered-land main turbine thrust bearing damaged by electrostatic voltage 


X25 


graphs was '/2; sec. The top photo was taken at 10,000-kw tur- 
bine load. It has a peak voltage of approximately +29 volts. 
The meter voltage was +25 volts d-c. The lower photo was 
taken at 5000 kw load. Peak voltage was +26, meter volt- 
age was +18. This turbine is a straight condensing unit with 
a gear pump front standard. An inspection of the front end parts 
showed that the journal, journal bearing, and active thrust bear- 
ing were gray as a result of pitting. Also, the bronze worm gear 
of the pump and governor drive was pitted at both ends of each 
tooth. 

Turbine No. 5. This 12,500-kw unit is a single automatic ex- 
traction, condensing turbine, with a special geared front end that 
drives a speed governor only. Shaft voltages were measured for 
a 5-hr period of operation covering the complete range of kilowatt 
load and extraction flow. A summary of the test conditions is 
given in Table 2. The oscillograms for this test are shown in Fig. 
6. The exposure time for each photograph was !/2; sec. A sub- 
sequent inspection of the front-end parts showed the thrust plate 
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and journal bearing were pitted and gray in color. 

Turbine No. 6. This unit is a duplicate of turbine No. 5. A 
continuous record of the d-c shaft voltage was made on a record- 
ing voltmeter for a 3-year period from 1954 to 1957. The d-c 
voltage was found to be very erratic in its magnitude and occur- 
rence. When present, the voltage measured on different days, 
varied from —20 to +65 volts. The length of absence of volt- 
age varied anywhere from 1 day to 6 months. The presence of 
voltage on this turbine was affected by such factors as load 
change, extraction flow changes, centrifuging the main oil supply 
or adding oil to the main tank. Voltage measurements for a 3-hr 
period at different kilowatt loads and extractions flows are given 
in Table 3 and Fig. 7. The duplicate turbines bear a similarity 
in the nature of the voltage but are different in magnitude and 
polarity at corresponding load and flow conditions. 

Turbine No. 7. This is a straight condensing turbine with a 
gear-pump front end. The voltage measured on the day of the 
test was not large enough to cause damage. However, 6 months 


Fig. 3 
voltage 


Thrust runner from main oil pump damaged by electrostatic 


after the author’s tests, the main thrust bearing failed, with com- 
plete removal of the babbitt from the thrust plate. Inspection of 
the parts in the front end revealed that shaft voltage was the cause 
of the failure. Surfaces, gray from pitting, included the turbine- 
rotor journal at the No. | bearing, the active side of the thrust 
runner, and the contact surfaces of the gear teeth on the quill 
drive for the geared oil pump. In addition, the bronze worm gear 
of the pump drive was found to have pin holes on the trailing end 
of each tooth. This case was one of many that revealed the 
erratic nature of electrostatic voltage, and that a single test for 
voltage is no assurance that a unit will be free of bearing failure. 
Turbine No. 12. The tests on this condensing mechanical- 
drive turbine were first made following four thrust-bearing failures 
which occurred in a period of 6 months. Because of the complete 


(b) 


Fig. 5 Oscillograms of d-c electrostatic shaft voltage on a 12,500-kw 
steam turbine. 


(a) 10,000-kw load; (b) 5000-kw load. 
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Fig. 4 Steel damage of runner in Fig. 3; X25 
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Table 1 

Tur- 

bine 
no. 


Kilowatt 


rating Drive 


——Steam inlet—— 
Press, 


Summary of field tests for electrostatic shaft voltage 


Back 
pressure, 
in. Hg 


Average 
d-c shaft, 
volts 


Temp, 


psig deg F 


CoNDENSING TURBINES 


Generator 
Generator 
Generator 
Generator 
Generator 
Generator 
Generator 
Generator 
Generator 
Generator 
Generator 


25000 
25000 
12500 
12500 
12500 
12500 
9375 
9375 
9375 
9375 
6250 


SIH kwWoe 


Mechanical 
Mechanical 
Mechanical 
Mechanical 
Mechanical 
Mechanical 


4600 
4600 


—25 
+10 
—0.4 
+25 
+30 
+37 
+1.1 
+0.5 
+1.5 
+1.3 
+130 


+04 
0 
0 
+0.2 


900 
900 
600 
825 
825 
825 


850 
850 
200 
600 
625 
625 
850 
425 
400 
200 
600 


410 
410 
410 
410 
410 
410 


to to bo te bo bo 


NONCONDENSING TURBINES 


Generator 
Generator 
Generator 


absence of voltage, it was concluded originally that the bearing 
failures were due to mechanical reasons. Twelve months later an 
inspection of the replacement thrust bearing showed it was ex- 
tensively pitted and worn. Tests at this time showed there was 
a d-c voltage of 76 volts on the turbine shaft. 

Turbine No. 18. Subsequent tests 12 months later showed 
there was 44 volts d-c on the turbine shaft. 

Turbine No. 14. Twenty-eight volts d-c was found on the 
turbine shaft 12 months later. 

Turbine No. 15. Seven volts d-c was found 12 months later. 

Turbine No. 16. On the first occasion to test this unit with 
load, 65 volts meter voltage was found on the turbine shaft. This 
unit was equipped with an electrically insulated main coupling. 
At the time that the 65 volts was measured on the turbine side of 
the insulated coupling, 0.02 volt was measured on the driven side. 
An oscillogram of the voltage found is shown in Fig. 8. Peak 
voltages reached a maximum of 120 volts. The pattern in this 
oscillogram is representative of the voltage found on the other 
mechanical-drive units tested. 

Turbine No. 17. The maximum meter voltage on this unit, as 
reported by the operator, is + 100 volts d-c. 

Turbines No. 12 to 17 have special front standards that have a 
worm and gear which drives a speed governor only. 

In addition to the author’s field tests, voltage measurements 
have been made by service engineers and turbine operators on 
other turbines which now number well in the hundreds. Test 
data have been obtained on units ranging from a 1500-kw con- 
densing unit which was found to have 22 volts d-c to a 100,000- 
kw low-pressure unit of a cross-compound turbine set which 
had 40 volts d-e. 


Laboratory Investigations 


The flow of electric current through journal bearings was stud- 
ied using a laboratory journal-bearing test stand. The equip- 
ment was modified in order to apply a test voltage and current. 
The bearing was insulated from ground with a '/j,-in. layer of 
mica. Current was introduced to the shaft with a copper col- 
lector ring and silver-graphite brushes. The variables which were 
studied were in two categories; namely, the bearing or hydrody- 
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600 
600 


1400 


Table 2 D-C electrostatic voltage on a 12,500-kw steam turbine— 
voltage versus load and extraction flow 
Generator 


load, 
megawatts 


Extraction 
steam flow, 
lb per hr 


Meter voltage, 


Fig. no. d-c volts 


Calibration voltage, 10 volts line to peak, 60 cycles per sec 
0 7.5 0 


0 —3.0 
55000 +0.5to +1.5 
55000 +1.0 
55000 —0.5to —3.0 
105000 2.5 0 
105000 5 +15 
105000 7.6 +25 
105000 10 +2.0 
145000 5 +0.5 
145000 7.¢ +6.5 
145000 10 —3.0to —7.0 


6(a) 
6(b) 
6(c) 
6(d) 
6(e) 


6(f) 


6(g) 
6(h) 
6(t) 
6(j) 
6(k) 
61) 


10 
5 
7.5 
10 


namic variables, and the electrical variables. The first category 
included speed effects from 200 to 3600 rpm and load effects from 
10 to 1000 psi. The electrical variables used included voltage 
from 0.1 volt to 200 volts d-e, current from 1 to 60 milliamp, and 
introduced circuit capacitance from 0.04 to 0.40 microfarad. 

Light turbine oil at 120 F inlet temperature was used for all the 
tests. Table 4 is a summary of one of the 8-hr life tests on a 
6 X 6 X 0.012-in. cylindrical bearing. Fig. 9 is a photograph at 
X25 of the damaged area resulting from run No. 5. 

In the laboratory tests no correlation could be found between 
voltage and oil-film thickness at which breakdown occurs. Under 
identical hydrodynamic conditions, voltage breakdowns would 
vary from 1 volt to 200 volts impressed across the bearing. The 
summary of tests at one speed is givenin Table 5. This same lack 
of correlation between voltage and oil film thickness was borne out 
in a stationary oil voltage cell test where two parallel circular plates 
submerged in oil were set at known distances apart with a 
micrometer adjustment. Five oil samples from three different 
brands were used for this test. Table 6 is a summary of the 
test data. Mr. Allen [3] in his experimental studies of the die- 
lectric strength of oil films found there were disparities between 
the oil-film thickness computed from hydrodynamic theory 
and the oil-film thickness computed from the dielectric strength. 
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(j) 


(1) 


Fig. 6 Oscillograms of d-c electrostatic shaft voltage representing changes due to turbine load and 


extraction steam flow as shown in Table 2 


Discussion 


There are five recognized types of shaft voltage which can be 
found on a steam-turbine rotor. These are the electromagnetic 
or 60-cycle a-c voltage, a ground-detector 120-cycle a-c voltage, 
the ignitron excitation voltage, the high-frequency-exciter ripple 
voltage, and the electrostatic d-c voltage. To better understand 
the nature of the d-c electrostatic voltage, each of the five types is 
covered in order in this discussion. 

The electromagnetic type of shaft voltage is induced in a con- 
ducting loop circuit which interlinks a synchronously alternating 
magnetic field. This type of shaft voltage originates in the gen- 
erator rotor. It can be detected as a potential difference between, 
the generator-shaft extremities. Its magnitude is approximately 
zero to 3 volts rms alternating current with no d-c component. 
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The magnitude varies from one machine to another owing to 
small differences in manufacturing tolerances. The magnitude 
varies with the field ampere-turns on the rotor. The frequency of 
the electromagnetic shaft voltage is fundamentally shaft fre- 
quency or synchronous frequency. The wave shape is often not 
a pure sine wave but includes harmonics of multiples of the funda- 
mental frequency. In rotors of two-pole turbine generators, the 
rotating field flux out of the North Pole crosses the air gap and 
then splits into two paths, to the right and to the left, in the stator 
and returns to the South Pole. If the magnetic reluctance of the 
left-hand path in the stator is slightly smaller than the right-hand 
path, then, when the rotating field turns 180 deg the right- 
hand path (viewed from the rotor) will change from the larger 
reluctance path to the smaller reluctance path. The resulting 
once-per-revolution alternate pulsations of magnetic flux interlink 
/ 101 
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(i) (k) 


(1) 


Fig. 7 Oscillograms from a steam turbine, duplicate of turbine in Fig. 6, representing load and fiow changes 


as shown in Table 3 


with the generator shaft acting as one leg of a single-turn conduct- 
The bearings and bearing pedestals complete the loop 
circuit with the generator stator and bedplate acting as the re- 


ing loop. 


maining leg. The most efficient design methods are utilized to 
keep the reluctance of the stator magnetic paths uniform, 
Nevertheless, relatively small variations are present in most 
generators, and this is enough to generate a small a-c voltage 
in the shaft-loop circuit. 

Observations and tests show that bearing oil films sometimes 
conduct electricity and sometimes act as insulators. During 
conduction, the impedance of the loop path is so low that a few 
volts may cause pulses of several hundred amperes to flow momen- 
tarily. When such magnitudes of current are suddenly inter- 
rupted by a nonconducting oil film in a bearing, and the interrup- 
tion takes place in a microsecond or less, the self-inductance of 
the single-turn loop causes a relatively high induced voltage across 
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the oil film. When this induced voltage exceeds the minimum 
arcing voltage of the electrodes and system (never less than 10 or 
15 volts for any electrode), an electric spark (transient arc) pierces 
the oil film between the shaft and babbitt bearing of the generator 
bearing. It is these destructive sparks which melt out numerous 
minute pits, mostly from the babbitt metal, and eventually cause 
enough loss of metal to result in a bearing failure. Since the elec- 
tromagnetic type of shaft voltage is induced in a loop circuit, it is 
only necessary to open the loop circuit at one point to eliminate 
the current whose transient interruptions cause sparks. It has 
been standard practice for many years to insulate the genera- 
tor outboard bearing or bearing pedestal from the stator. Any 
hydrogen shaft seals at the outboard end of the generator are 
also insulated from the stator. Insulated shaft couplings are used 
on direct-coupled exciter generators to prevent spark damage to 
the exciter bearings. Such insulation has successfully prevented 
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Table 3 D-C electrostatic voltage on a 12,500-kw steam turbine— 
voltage versus load and extraction flow 


Extraction Generator 
steam load, 
flow, lb per hr megawatts d-c volts 
0 2.5 +0.2 
0 +35 
5 +45 
0 +50 
5 +0.1 
0 +30 
5 +32 
0 35 
5 
0 


. 


-o 


Meter voltage, 
Fig. no. 
7(a) 
7(b) 
7(e) 


7(d) 
Z(e) 
7(f) 


_ 
Nonmonort 


on 
SSO 
wens Det Lagi} 

—_ 

Non © 


sIsisisl 


00000 10.5 
Calibration voltage, 100 volts line to peak, 
60 cycles per sec 
140000 2.5 0 
150000 —0.2 
150000 +35 
150000 1 +65 


7(k) 

7(l) 
damage and eliminated failure of generator and exciter bearings 
from the electromagnetic type of shaft voltage. 

The 120-cycle ground-detector voltage originates from a 
ground-detector control circuit. This detector is an alarm system 
which energizes a signal relay in case the generator-field-winding 
ground insulation fails. The alarm system uses a circuit ener- 
gized by a 60-cycle a-c voltage which is rectified and then con- 
nected between one of the field-winding terminals and ground. 


+ Fa 


Fig. 9 Bearing damage of a 6-in-diam bearing after an 8-hr laboratory life test; X2 


Fig. 8 Oscillogram of d-c electrostatic shaft voltage from steam-turbine 
rotor of a mechanical-drive unit 


The full-wave-rectified 60-cycle voltage has a relatively large 120- 
cycle ripple-voltage component if not filtered. When the field- 
winding insulation is in good condition, it serves as an electrical 
capacitive impedance between the field conductor and the rotor 
steel. The 120-cycle a-c component of voltage may be as high as 
90 volts and is capable of generating 20 milliamp of 120-cycle a-c 
current when any oil film in the bearings is in a conducting state. 
When this voltage is about 10 volts or over on a turbine shaft, it 
will damage turbine bearings to a point where the bearing fails. 
The 120-cycle a-c type of shaft voltage is capacitively induced or 
coupled to the shaft. A potential difference exists between shaft 
and stator (stator is grounded). The potential is the same at any 
point along the generator shaft or turbine shaft directly coupled 
to it. There is no potential difference between the extremities 
of the generator shaft. This voltage has no d-c component. 


eas: PR Roe! hie Baek © 


Table 4 Bearing-wear tests 
(6 X 6 X 0.012-in. cylindrical bearing, 200 rpm, 10 psi oil-inlet pressure) 


External 
capaci- 


External 
Run Time, D-C, _ resistance, 
hr volts ohms 
8 76-70 1100 
8 2600 
8 7600 
8 7600 
8 ‘ 100 


tance, 


0.40 
0.40 
0.40 
0.40 
0.04 


motor B 


Average of 


microfarad milliamp flow in. 


Yale. min 
oil-film 
thickness, 


Nature 
Damaged 
area, 
sq in. 
13.5 


current, current, 


0.00078 
0.00072 21.9 
0.00072 9.0 
0.00072 0 
0.00063 4.0 


37 I 
22 I 
8 I 
10 8 
1 I 


« J—Intermittent pulsating current flow (indicates sparking). | 
S—Steady, constant magnitude, d-c current (indicates no sparking). 
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Table 5 Bearing current versus voltage and bearing load 
(6 X 6 X 0.012-in. bearing at 3600 rpm) 


Calculated 
min oil-film 
thickness, 
in. 
0.0046 
0.0048 
0.0048 
0.0046 
0.0022 
0.0015 
0.0008 
0. 0008 
0.0008 
.0008 
0008 
0008 
0008 l 

0008 0. 
0008 0. 
0.0008 200 
0.0008 200 


Series 
resistance, 
kilohms 
100 
100 
100 
100 
100 
100 
100 
100 
100 

10 
10 
1 

1 

1 

1 
100 
100 


Applied 

voltage, 

volts d-c 
200 
200 
200 
200 
200 
200 
200 
100 
50 
20 
10 


9 


Bearing 
loading, 
psi 


Code: 


Oscilloseope—-— 
Pattern Pulses per 
code revolution 
d 0.2 
e 20 
d 10 
d 0.: 
d 0.: 
40 
40 
20 


Current, milliamp 

Max Meter 

available value 
2 0.1 

L. 

1. 


ou 


w—hhNmwthtet 


tobe OO 


Soe ten 
AWOSCOwwe 


to bo 


ow 


a—Occasional current pulses less than 0.5 milliamp. 


b—Occasional current pulses less than 1.0 milliamp. 


c 


d 


Occasional current pulses less than 2.0 milliamp. 
Occasional current pulses of about 2.0 milliamp. 


e—Repetitive pulses at least once per revolution of about 2 milliamp magnitude. 


f 
values never go below 0.5 milliamp. 


Repetitive pulses of 2 milliamp magnitude so frequent that minimum current 


g—Minimum current value never below 1.5 milliamp. 
h--Minimum current value never below 2.0 milliamp. 


Table 6 Voltage breakdown between stationary 
down, in. X 10 ~‘. 
Applied 
voltage, 
volts d-c 


A-—— -B 
Max 


—, 


Max 


~= 


Min 


Min 
6 ‘ 


3 


oe 


ao 


> 


SISISIO 9IS OOr=) 


] 
6 
2 
7 
7 
4 
4 
2 


Oil sample A—Brand 1 new oil. 
B—Brand 1 used oil. 
C—Brand 1 used oil. 
D —Brand 2 used oil. 
I<—Brand 3 used oil. 


A third source of turbine-shaft voltage is from the generator- 
excitation system. When generator field windings are supplied 
by rectifiers, the average magnitude of field voltage is direct cur- 
rent. However, the instantaneous magnitude of the voltage is 
not constant with respect to time, because of a large a-c com- 
ponent of ripple voltage. When the rectifiers are supplied from a 
three-phase 60-cycle voltage, there is a 360-cycle ripple voltage. 
The field-winding insulation serves as a distributed capacitive 
impedance which couples a component of the ripple voltage to the 
rotor steel. This component of ripple voltage, as it appears be- 
tween the generator field winding and ground, turns out to be 
fundamentally a 180-cycle wave. With grid-controlled ignitron 
rectifiers, the field-to-ground potential difference is nearly a 
square wave. This voltage appears between shaft and ground 
and can cause electric currents to flow through bearings when the 
bearings are in a conducting state. The voltage from shaft to 
ground may be more than 100 volts peak value when bearings are 
not conducting. It will damage bearings to complete failure 
when present on a turbine shaft in magnitudes of about 10 volts or 
over. The complete circuit for current flow includes the capaci- 
tive impedance of the ground insulation of the three-phase 60- 
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———QOil sample——— 


Min 


flat-disk electrodes. Gap distance at break- 





~ 


‘ 


om Dp eames 


Max Min Max 
7 19 
5 4 
6 
10 


Min 


5 
4 


0 


Max 
17 
14 


8 
10 
7 
10 ] 
3 6 6 
. 4 6 
4 7 
4 

6 10 


cycle voltage supply. The impedance is such as to limit the maxi- 
mum average current flow to approximately 20 milliamp. This 
type of shaft potential is capacitively coupled from the field wind- 
ing. The potential to ground is of essentially the same magni- 
tude at every point along the length of the generator and turbine 
There is no potential difference between the extremi- 
ties of the generator shaft. 

The fourth type of turbine-shaft voltage, another type origi- 
nating in the excitation system, is the exciter ripple voltage. Most 
turbine-generators obtain field excitation from a d-c generator. 
The voltage output of such a d-c generator is pure direct current, 
except for a component of commutator ripple voltage. The fre- 
quency of this ripple voltage is a function of the number of com- 
mutator segments and coils and speed of rotation on the exciter 
armature. The ripple frequency is 2400 cycles on some machines. 
The full magnitude of ripple voltage appears across the field- 
winding terminals. The commutator ripple type of shaft voltage 
is capacitively coupled from the field winding to the shaft. The 
potential between shaft and ground is the same magnitude at all 
points along the length of the generator and turbine shafts. No 
potential difference exists between the extremities of the generator 


shafts. 
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shaft. There is no known case to date of a bearing failure caused 
by this form of shaft voltage. 

The fifth type of turbine shaft voltage is the electrostatic d-c 
voltage. This type of shaft voltage originates in the steam tur- 
bine. It has never been observed on noncondensing turbines 
where there is no wet steam. The electrostatic shaft voltage has 
been observed on many condensing turbines, but not on all. The 
voltage is direct current and exists between turbine rotor and 
ground. If the bearings, shaft seals, and worm gears on the tur- 
bine and direct-coupled generator or other coupled load are non- 
conducting, the voltage will tend to charge the electrical capaci- 
tance between shaft and ground higher and higher until limited by 
the leakage current, oil-film insulation resistance, and effective 
internal impedance of the voltage source; or until limited by volt- 
age breakdown of a bearing oil film. When bearing films break 
down, the voltage to ground suddenly drops, in a microsecond or 
so, to zero or part way to zero, and then the voltage begins to 
climb again. The maximum magnitude of voltage is a function of 
steam flow in the turbine, but not a clear-cut linear function. 
The polarity of the shaft is generally positive with respect to 
ground. However, some turbines have been observed where 
shaft voltage was negative with respect to ground. On two 
turbines, the polarity was found to reverse temporarily and later 
revert back to its original polarity. 

The electros! atic shaft voltage has been found to have several 
reasonably well-pronounced characteristics as follows: 


1 The voltage between shaft and bed plate is direct current. 
This means that the polarity does not reverse periodically. 

2 The magnitude is not usually constant and in some cases 
falls repeatedly to low values after which it climbs back up to 
higher values. This means that the voltage contains both a-c 
and d-c components even though the polarity does not reverse. 

3 The maximum magnitude observed by oscilloscope was 
about 250 volts peak value. 

4 The rate of rise of shaft voltage was often in the range of 
200 volts per 1/g sec or 12,000 volts per sec. 

5 The voltage decay when falling to zero is less than 0.1 milli- 
sec. The literature [4] indicates that decay times of 1 microsec or 
less are not unusual for sparks. 

6 The minimum magnitude observed was a few tenths of a 
volt. 

7 Typical magnitudes were between 30 and 100 volts peak 
value. 

8 The shaft polarity was positive on many turbines and nega- 
tive on fewer turbines. 

9 The potential at any instant is essentially the same any- 
where along the turbine or generator shaft. The shaft voltage 
appears between shaft and bedplate which is grounded. 

10 The maximum current observed in a resistance circuit 
connected between shaft and ground, regardless of how small the 
magnitude of resistance, was approximately 1 milliamp. 


What is the source of the type of shaft voltage we choose to call 
the “‘electrostatic’’ shaft voltage? Out of several types of electri- 
fication considered, a mechanism associated with steam flow in 
condensing turbines is dictated by the available data. Out of 
several mechanisms of electrification involving water in motion, 
the spray-impact mechanism is a likely candidate. 

Electrification by contact of two unlike materials followed by 
separation of the two oppositely charged surfaces is as old as the 
word electricity. However, experimental work through the years 
has failed to clarify some of the confusing aspects of electrostatic 
generation where several types of mechanism are often superim- 
posed on each other. Professor Loeb [5] has written as recently 
as 1945: ‘‘A review of these phenomena, in general, shows a most 
unsatisfactory array of discordant, often nonreproducible, and 
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confusing results, whose theoretical interpretation in some cases 
is quite hopeless.”’ 

The generally accepted theory includes recognition of the exist- 
ence of the Helmholtz double layer at the surface of aliquid. Di- 
pole molecules and ions in the liquid react with surface or bound- 
ary-layer forces so that the surface is charged at one polarity 
whereas charges of opposite polarity reside just beneath the sur- 
face. When certain dielectric liquids flow through pipes, the 
outer charged layer tends to adhere to the walls of the pipe, allow- 
ing some of the inner charged layer to flow by. This mechanism 
is related to electro-osmosis (also electroendosmosis, cataphore- 
sis, or electrocapillarity). In this way, liquids such as gasoline 
can build up dangerous voltages on ungrounded hoses, pipelines, 
and tanks. The presence of ionic impurities or water in some 
fluids is said to increase their tendency toward electrification. 
The flow of water is capable of considerable electrification, but we 
are protected from this danger by good conductivity of water 
which provides short-circuiting paths which prevent accumula- 
tion of charges. However, when water is in the form of drops, 
sprays, mists, fogs, and the like, considerable separation of charge 
can be achieved and the literature describes many cases where 
high voltages have been reported. Such cases include boiling, 
bubbling, steam leaks, spray mists of waterfalls, electrification of 
clouds associated with rainfall and lightning, water droplets in 
flowing gases, and electrification of airplanes in flight. 

In the case of water, the double layer is said [5] to be about 
2 X 10~* cm thick, with perhaps one extra electronic charge per 
104 to 105 molecules. When a drop of water breaks up into 
smaller drops, the total exposed surface area is increased. Cooper 
[6] suggests the assumption of equal density of charge packing. 
Then when a drop breaks up, extra charges are freed in propor- 
tion to the change in surface area. This indicates that particle 
size would be expected to influence the degree of electrification. 

The effect of water-drop size is reported by Dorsey [7] when 
measurements were made in spray mists of waterfalls. He found 
particles of diameters less than 80 X 10-® cm to be negatively 
charged. Particles 80 X 10-* to 150 X 10-8 cm were positive. 
Larger drops were found to have no net charge. 

Beach [8] reports that airplanes charge negatively and that 
electrification increases roughly as the third or fourth power of air 
speed. This indicates that relative speed of water drops and tur- 
bine-rotor blades would affect the rate of charge associated with 
impact charging. 

As mentioned previously, the presence of ionic impurities could 
be expected to influence electrification of liquids. Also, as re- 
ported by Beach (9), surface contamination affects the quantity 
and polarity of charge and is often responsible for erratic and 
otherwise unexplainable changes in electrification phenomena. 
Beach mentions that attempts to eliminate charging on airplanes 
by coating the surfaces with noncharging waxes, lacquers, paints, 
and so on, have had only temporary success owing to the presence 
of surface contamination which almost invariably is present. 

Some idea of the magnitude of voltage which can be built up by 
water drops is gained from an experiment by Lord Armstrong [6] 
in England back in 1840. A locomotive was insulated from 
ground. The droplets in the wet stream expelled from the stack 
resulted in electric sparks which jumped 22 in. to ground. The 
voltage must have been between 600 and 1800 kilovolts to jump 
that far. 

In another case [10] a steam leak is reported to have generated 
voltage with a rate of rise of 20 kilovolts in 5 sec. 

It is evident that polarity of the shaft voltage could be deter- 
mined by several factors. The type of liquid, its impurities, the 
type of solid surface, and its contamination coating would affect 
the magnitude and polarity of charge on the liquid and the result- 
ing opposite polarity on the solid. The size of water drops before 
and after impact is an additional factor. Also, we can visualize 
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droplets which become charged by impact with stationary nozzle 
parts and then carry the charge to the rotor. This might result 
in a positively charged rotor. On the other hand, uncharged 
particles striking rotor parts might result in a negatively 
charged rotor. 


Conclusion 


Direct-current static voltages are probably being generated on 
all condensing turbines by the action of the wet steam on the rotat- 
ing elements. Some build up to a harmful magnitude, damaging 
turbine parts when they discharge to the ground. Others dis- 
charge at low-voltage levels leaving no trace of their existence. 

The solution to the problem appears to be to ground the voltage 
without causing bearing damage rather than trying to eliminate 


the generation of the voltage at the source. Many possible means 


(b) 


Fig. 10 Oscillograms of d-c electrostatic shaft voltage on a 12,500-kw 
steam turbine. (a) Represents normal shaft voltage; (b) voltage when 
shaft is grounded. 


of grounding the voltage have been suggested; only a few have 
been tried. 
lic shoes, mercury baths, water seals, lubricating oil with high 
The effects of the d-e voltage 
could be eliminated by applying an equal and opposite polarity 
voltage. The elimination of the voltage at the source might some 
day be accomplished by the control of droplet size, a change of 
bucket and nozzle material or surface finish, to mention a few. 


Grounding proposals include carbon brushes, metal- 


conductivity, or ionized air paths. 


Fig. 10 is an example of the results of a satisfactory grounding 
device. In this case a damaging voltage of 19 volts was reduced 
to a safe voltage of 1 volt. 

The turbine-shaft-voltage phenomenon is a challenge to engi- 
neering. Further studies should and we are sure will be made. 
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DISCUSSION 
ROBIN BEACH: 


The authors are to be highly complimented for their excellent 
and thorough studies accounting for premature bearing failures 
from current discharges resulting from various types of potential 
generation, and particularly from electrostatic potential dis- 
charges caused by steam passing through the blades of steam- 
turbine rotors. 

Near the turn of the century, Alfred Coehn in Germany related 
the magnitude of electrostatic charge developed by contact of 
solid substances to their dielectric constants, giving g = k(K, — 
K,). Here q, the electrostatic charge, is expressed in electro- 
static units (esu) per sq em; KA, and A» represent the dielectric 
constants of the two contacting substances; and k, the propor- 
tionality factor, has been found closely equal to 4.4. 

Electrons always are found to pass from an uncharged sub- 
stance of higher A across the contact areas of the interface be- 
tween the two contacting substances to an uncharged substance 
of lower A. If at least one of the contacting substances is an 
insulator then, on separating them, the one acquiring the electrons 
is charged to negative polarity and the one losing the electrons pos- 
sesses an equal charge of positive polarity. 

This improved and basic electrostatic concept revealed by 
Coehn, replacing the confusing and mystifying Helmholtz 
double-layer doctrine, has immeasurably simplified the study and 
practical application of engineering electrostatics. 

While the Coehn relationship was developed for the contacting 
of solid substances, the writer has extended this principle by his 
own research to electrostatics of liquids and gases and solids in 
their variously paired contact combinations. During his consult- 
ing services on industrial electrostatic hazards, he has facilitated 
many fascinating resolutions of complex electrostatic problems 
through applying his extended Coehn relationship. 

Assuming the metal of steam-turbine rotor blades possesses a 
dielectric constant of 3, dry steam like other gases possesses a di- 
electric constant slightly in excess of 1, and pure distilled water 
possesses a dielectric constant of 81, then the inlet superheated 
steam by contacting the short rotor blades creates on the rotor an 
electrostatic charge of positive polarity proportional to the low 

3 President, Robin Beach Engineers Associated, Brooklyn, N. Y.; 
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value corresponding to (A, — Kz) = (3 — 1) = 2. This assumed 
dry steam, if it existed as such all the way to the exhaust end of 
the turbine throughout the rotor blades of increasing length and 
steam-contacting area under light load without becoming moist, 
would generate in principle sufficient electric charge of positive 
polarity on the rotor to create within the large electrostatic 
capacitance of the rotor system a moderate potential of positive 
polarity to ground by virtue of the relationship V = Q/C. In 
this equation Q is here defined as the electrostatic charge of the 
rotor system converted from esu to coulombs in the practical 
system, C is the electrostatic capacitance in farads of the rotor to 
ground, and V is the potential in volts of the rotor with respect 
to ground. 

Now, on the other hand, assume the absurdly unrealistic con- 
dition of the steam becoming so wet that actual slugs of dis- 
tilled water pass through the large low-pressure rotor blades, in 
which instance the electrostatic charge imparted to the rotor 
blades would be of negative polarity and proportional in this in- 
stance to the very high value corresponding to (K; — K>) = 
(81 — 3) = 78. If this hypothetical situation actually existed, 
a very high negative electrification of the rotor could occur. The 
potential to ground could attain high values in the order of 
thousands of volts were it not for the fact that the thin films 
of the lubricating oil in the bearings would repeatedly permit 
capacitor spark discharges of the rapid transient growths of rotor 
electrification from the rotor shaft to ground through one or both 
of the grounded bearings. Also, even spark discharges could occur 
from the highly charged rotating blades to the grounded station- 
ary blades within the rotor encasement. 

Actually at full load on a condensing turbine, the smaller high- 
pressure rotor blades would be electrified in principle to positive 
polarity by the entering dry steam. But, as the steam ap- 
proached the exhaust end of the turbine, becoming slightly moist 
en route, the larger areas of the low-pressure blades would ac- 
quire a relatively high negative electrification, as explained would 
occur for the hypothetical ultrawet steam mentioned in the pre- 
vious paragraph. The actual electrification attained by the rotor 
at the assumed full load under the foregoing positive and negative 
electrifications would comprise their resulting difference of (1) the 
low-intensity positive electrification on the smaller high-pressure 
blading from the entering dry steam, and (2) the greater negative 
electrification on the large low-pressure blading from the moist 
steam. Hence the differential electrification of the rotor shaft 
would be predominantly of negative potential. However, for 
light load on the same turbine with dry exhaust steam prevailing 
throughout, the predominating positive electrification throughout 
the turbine blading would provide wholly positive potential of low 
order on the rotor shaft. 

The writer, from his extensive research with high-velocity 
gases contacting metals, as in steel, stainless-steel, brass, and 
copper pipes, has found that during the first seconds of gas flow 
the Coehn relation holds and therefore the metal at higher K 
than for the gas develops positive charge polarity by passing 
electrons to the gas. Then an unexpected but impressive phe- 
nomenon occurs whereby the dry gas with its small molecules is 
readily adsorbed into the surface pores, fissures, and large crystals 
of surface metal and, if the adsorbed gas is sufficiently compacted, 
the flowing gas, as it continues to contact the gas-coated metal 
surface, inappreciably contacts the parent metal itself but rather 
the adhering gas. Hence, as the flowing gas now largely con- 
tacts the adsorbed gas, the dielectric constants of each at the 
contacting interface being closely unity, their difference (K, — 
K.) = (1 — 1) = 0. Therefore the generated electrostatic 
charge reduces closely to zero. 

From this abortive behavior of dry steam as a gas, we find that 
this adsorption of the dry steam by the blades of the rotor prop- 
erly accounts by both principle and practice for the zero electrifi- 
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cation of rotors in the three noncondensing turbines shown at the 
bottom of the authors’ Table 1, as well as for lightly loaded con- 
densing turbines with or without large steam extraction shown 
in the authors’ Table 3 for the first case cited, as well as for 7(c) 
light load, 7(f) light load, and 7(j). 

In electrostatic measurements, the choice of instrumentation is 
particularly important and significant. A D’Arsonval voltmeter, 
even with a sensitivity of 1,000,000 ohms per volt, would be quite 
unsatisfactory in measuring electrostatic potential, as it would 
discharge continuously 1 microamp while connected +o the elec- 
trostatic system. One microampere in electrostatics may be con- 
sidered under certain situations a large current. Also the fore- 
going situation applies similarly for oscilloscopes of the better 
types which commonly possess internal resistance in the order of 
10 megohms and, therefore, they likewise would discharge ap- 
preciable current—0.1 microamp—continuously while connected 
to the electrostatic circuit. 

Thus it appears from the paper that much of the electrostatic 
energy created and stored by the capacitor system within the tur- 
bine rotor which amounts to E = 0.5CV? joules becomes largely 
dissipated by the connected D’Arsonval an _ oscilloscopic po- 
tential-measuring instruments, in addition to whatever current 
discharges may occur by sparks or conduction through the oil 
films of the rotor bearings. 

Electrostatic voltmeters are generally employed in measuring 
electrostatic potentials. In this type of voltmeter, the operating 
element consists of a small 2-plate capacitor, one plate being 
movable on a jewel bearing and the needle attached to it indi- 
cates on a scale the voltage, the capacitor taking negligible 
operating energy from the charged electrostatic system under 
measurement. A D’Arsonval microammeter with a 6-in. scale 
calibrated to 1 microamp may be used to read to 0.01 microamp; 
and, for lesser currents which are common in low-energy electro- 
static measurements, electronic ammeters are available which 
measure currents in the order of and even lower than a micro- 
microampere. 

During 1947-1948 the writer investigated many bearing 
failures in the engines of DC-6 airplanes at La Guardia Airport. 
New main bearings of engines would fail during a single round 
trip from New York City to Chicago during a snow storm or 
equivalent inclement weather. A pilot would report that the 
engines were rough and needed overhaul before he would fly the 
airplane again. This happened with seven airplanes of one com- 
pany within 24 hr on the New York-Chicago nonstop flights. 

The bearings were composed of silver-steel alloy and their di- 
mensions were about 1!/.in. wide by 12in. diam. The failed-bear- 
ing surfaces were found pitted with many fused craters a few 
mils in diameter and depth; and, the normally high-polished sur- 
faces otherwise were impaired by wiped, excoriated, and disin- 
tegrated forms of erosion. The discharge current, in striking con- 
trast to microampere-discharge currents in industrial electro- 
statics, was found to be of ampere magnitude resulting from the 
high totalized capacitance of the engine pistons, bearings, and 
gearing with potentials in the order of 100,000 volts or more. 

The overhauled engines of 2800-hp capacity were operated in 
test cells with special propellers attached. In order to study the 
spark discharges, large carbon-dioxide cylinders were discharged 
against the propellers to simulate snow for generating static elec- 
tricity. In these research tests, it is an interesting coincidence 
that here also the electrical resistance of oil films within bearings 
exhibited erratic behavior ranging between momentary states of 
conduction and excellent dielectric properties, as were reported 
by the authors for turbine bearings. The conduction currents 
were of much lesser intensity than the currents in spark dis- 
charges because, in the former instances, the potential and elec- 
tric-charge intensities were considerably reduced by their lower 
time rates of discharge. 
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Ionizing bristles were placed at the propeller shaft to dispel by 
ionization the electrostatic charge before it could enter the reduc- 
tion gearing and the engine. This method of discharge for the 
high potential served the same end result as the grounding 
brushes placed against the rotor shafts of the steam turbines by 
the authors. 


E. R. BOOSER* 


Among the many significant observations provided in this 
paper are those on current flow through bearings. The relative 
independence of the breakdown voltage from the thickness of 
the oil film in a bearing is of interest. Surprisingly, from the 
data given in Table 6 for flat-plate electrodes, changes in applied 
voltage appear to have very little effect. The “breakdown thick- 
ness’’ of the oil film is relatively constant and may be the impor- 
tant factor. The over-all average breakdown thickness from 
Table 6 might be summarized as follows: 


Average breakdown 
Oil sample thickness, in. X 1074 
Brand 1 new oil.............. Pa aha tee 5.1 
Brand 1 used oil.... ay ise 2 
Brand 1 used oil............ eae 9 
Brand 2 used oil........ Pb ie 1.2 
Brand 3 used oil , 16:2 


Perhaps significantly these average breakdown thicknesses 
correspond closely to the minimum oil-film thicknesses caleu- 
lated for many of the bearing tests in Table 5. Might it be con- 
eluded that dirt or metallic particles are inducing breakdown? 
Did the authors observe any significant difference in the nature or 
amount of lint, water, dirt, acidity, or any other such factors with 
the oils for which the results are reported in Table 6? 

A striking similarity exists between many of the observations 
for oil films in this paper and those made by C. M. Allen in ref- 
erence [3]. Allen, among other things, found that a breakdown 
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potential of 0.4 to 1.0 volt existed over a wide range of moderate 
to heavy bearing loads. Did the authors conclude from their re- 
sults whether or not a minimum breakdown potential existed in 
the bearing systems they examined? 

It is hoped that this thought-provoking study will lead to an 
explanation of the fundamental nature of current flow through 
oil-film bearings. With such an understanding, the still occasional 
cases of current damage should rapidly become things of the past. 


PAUL C. WARNER’ 


This paper presents a difficult but interesting subject, and 
provides many valuable data. As the authors point out, the 
deleterious effects of bearing currents have been known for many 
years, and, as a matter of course, generator bearings are designed 
to eliminate such currents. It is believed that the authors have 
rendered a valuable service in pointing out that at least one type 
of electrical current can exist on steam turbines which may cause 
serious bearing damage. 

It is, however, rather disconcerting to find major differences 
between the experience cited by the authors, and that of the 
writer’s company. While we have had occasional thrust-bearing 
failures, to the present time none has occurred which we feel can 
reasonably be ascribed to shaft currents. (A possible exception to 
this statement will be discussed subsequently.) In this connec- 
tion it is important to realize, as noted by the authors, that after 
a bearing failure, most if not all of the useful evidence is gone, 
making diagnosis of the cause of failure difficult and subject to 
some degree of uncertainty. It is then somewhat risky to as- 
sume a causative effect because of the presence of some factor 
harmful to bearing performance, such as electrical pitting, foreign 
particles in the lubricant, more bearing load or less oil flow than 
the designer might desire, or other like effects. It is for this 
reason that the correction of conditions felt to be the cause of a 
bearing failure is usually regarded as somewhat tentative until 
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such time as it has been demonstrated by a reasonable period of 
operation that the bearing can indeed carry the required load 
without failure or signs of distress. 

It is with these thoughts in mind that the foregoing statement 
relative to bearing failures from electrical causes is made; that is, 
the causes assigned to the various bearing failures are assumed, 
in general, to be correct since there have been few, if any, repeat 
failures. It is assumed that these facts were duly considered 
when the numerous thrust-bearing failures assigned by the 
authors to electrical effects were considered, and thus a very real 
variation in experience exists between the authors’ company and 
that of the writer. 

In conjecturing on the possible reasons for this variation, one is 
led naturally to consider differences in design which might lead 
to (a) more susceptibility to generation of electrostatic charge, (b) 
more tendency to damage when discharging static electricity, or 
(c) more sensitivity of parts, particularly bearings, to damage 
from electrical effects. 

Nothing along the lines of (a) and perhaps (6) seems reasonable 
to the writer. There is a possible question relative to (c), since 
it would appear that the Kingsbury type of bearing would adjust 
to compensate somewhat for babbitt pitting whereas the tapered- 
land bearing, being fixed, cannot. Could the authors give a break- 
down as to the number of Kingsbury versus the number of ta- 
pered-land bearings among those failed as a result of pitting? 

As noted previously, we have had no bearing failure which we 
could ascribe to electrical effects. However, we do have one 
verified case of thrust-bearing damage from electrical currents. 
This bearing, of the Kingsbury type, was installed in an 18,750- 
kw-capacity, industrial, condensing, bleeder machine. This 
bearing had suffered two failures prior to the inspection which 
resulted in the finding of shoes pitted by electrical currents. In 
each case there is good reason to believe the trouble was caused 
at least in large part by high-thrust loading as a result of blade 
deposits, and operation at high overloads. Fig. 11 shows one of 
the shoes from this bearing. It is believed that pitting resulted 
from electrical effects since appreciable voltages had been meas- 
ured on this particular machine, and detailed inspection of the 
pitting indicated it to be practically identical in nature to some 
bearings purposely pitted by the lubrication section of our Re- 
search Laboratories a few years ago. The shoes themselves were 
not appreciably out of flat, though had the pitting continued for 
a sufficient time, no doubt they would have been. Incidentally, it 
is not felt that any reasonably alert service engineer would miss 
noting a condition such as this. 

As a result of this experience a test program was undertaken to 
ascertain how serious the pitting might be. One of the more 
enlightening tests involved the operation of two thrust bearings 
at 4000 rpm carrying 400 to 450 psi, and sustaining 100 milliamp 
for a 20-hr period. The pitting resulted in a change in shoe flat- 
ness on the order of 0.5 mil maximum, and an increase in tem- 
perature rise across the shoe averaging 8.5 deg F. While these 
figures are appreciable, they do not indicate total, or even large 
loss of load-carrying capacity, and it is concluded that considera- 
bly more pitting would be required to affect the load-carrying 
capability of the bearing seriously. It would seem then that 
pitting while definitely harmful, is not catastrophic, at least for 
this type of bearing. It is agreed that steps should be taken to 
prevent this type of pitting, and it is on this basis that new 
machines are being supplied with shaft-grounding brushes to leak 
off any electrical charge. 


AUTHORS’ CLOSURE 


The authors thank the discussers for their contributions of 
data and their thought-provoking views. 
Electrostatic discharge is a problem that must be reckoned 
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with in many different industries. Of particular note is the fact 
that in each problem the solution has been to lead the voltage 
off harmlessly to ground. The authors feel that the elimination 
of the electrostatic voltage at the source remains a real challenge 
and should be given further study and research. 

Professor Beach has suggested that positive shaft polarity is 
contributed by dry steam, whereas negative polarity is due to 
water droplets in the low pressure stages. The net shaft polarity 
would then be the differential effect of the two types of electro- 
static generation. He later mentions that the absorption of 
dry gases into metal surfaces seems to reduce the generation of 
charges from dry gases “closely to zero” after the first few 
seconds of gas flow. The authors feel that the differential 
polarity theory may help to explain some of the transient polarity 
effects which they have observed. However, our paper demon- 
strates that no significant level of voltage has ever been measured 
on a noncondensing turbine shaft. Also, no electrostatic pitting 
damage of bearings has been observed on noncondensing turbines. 
This leads to the authors’ assumption that dry steam in turbines 
does not generate appreciable steady state shaft voltage. Our 
data also indicate that steady state voltages of both polarities 
are generated by condensing turbines. If, as Professor Beach 
points out, dry steam would be expected to generate no steady 
state voltage, then we must look to the moisture in the steam as 
a source of both polarities. The references in the authors’ paper 
cite cases where water droplet size is associated with polarity of 
electrostatic charges. 

Professor Beach’s remarks on instrumentation and the use of 
high resistance voltmeters for electrostatic measurements are 
very pertinent. The authors made a comprehensive study of 
the instrumentation problems involved and feel that our measure- 
ments and oscillograms are reliable. Our several years of 
experience in obtaining rather complete data on shaft voltages 
has demonstrated over and over again that the electrostatic 
generator in a turbine generates in the order of 500 to 1000 micro- 
amperes of current and not fractions of microamperes as do some 
other more familiar sources. We have taken many measure- 
ments while varying the value of a resistance connected from 
shaft to ground and have also taken measurements where the 
resistance in series with the voltmeter was varied. All of these 
studies demonstrated that the resistance of our oscilloscope and 
voltmeters was high enough so that no serious error was intro- 
duced due to the connection of the instruments to the circuit. 

Our measurements demonstrate that the magnitude and rate 
of rise of shaft voltage were a function of the source voltage, 
source impedance, and shaft-to-ground impedance of the turbine- 
generator and were not altered by our instrumentation. On 
some turbines, the measured shaft voltage was still rising rapidly 
at 200 or 250 volts when an oil film broke down (electrically). 
If it were not for electrical breakdown of oil films, the voltage 
would no doubt rise much higher than the maximum values 
measured. On some other turbines, the shaft voltage leveled 
off at some voltage below 100 volts. In one such case, various 
values of resistance were connected from shaft to ground demon- 
strating that the internal resistance of oil films from shaft to 
ground was about 35,000 ohms. It was concluded that this 
level of resistance was the insulation resistance of the bearing 
oil films on this machine. The leakage current associated with 
insulation resistance of oil films causes no sparking damage. 

Considerable research work was done on a 12,500-kw turbine 
to study the effects of the variables in oil such as water, dirt, 
age, and others. The results were inconsistent and the work 
was stopped after about six months of testing. It can be con- 
cluded, however, from these tests that there is no minimum 
breakdown voltage for oil in a steam turbine bearing. Voltage 
breakdowns were found to occur anywhere from about one volt 
to as high a value as 200 volts and over. 
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The authors wish to stress that turbine component design 
plays a very important part on the magnitude and effect of 
electrostatic shaft voltage. Inadvertently built-in grounding 
sources, such as loaded worm and worm gear drives, carbon 
packing, metallic labyrinth seals, water shaft seals, and even 
others have in the past prolonged the life of turbine bearings from 
the standpoint of current damage. 

Bearing design, too, plays a part in the magnitude of current 
damage from electrostatic voltage. Basically this can be 
simplified into those factors which control the oil film thickness. 
These are principally the bearing load, speed, length to diameter 
(L/D) ratio, design clearance, and oil viscosity. Thrust bearing 
failures on steam turbines do not separate themselves by the 
general type of bearing design. The authors are aware of many 
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failures of tilting pad thrust bearings that were catastrophic 
failures resulting from electrostatic voltage. These failures, 
too, occurred after very short periods of operation. The nature 
of the failure on a tilting pad bearing is not the simple process of 
eating away the babbitt, or a loss of flatness, but rather a combi- 
nation of babbitt pitting and a deposit of carbon (result of break- 
down of the oil film due to sparks) on the face of the pads. 
Where temperature recording devices were in use in the pads 
themselves, it was found that the carbon deposit would cause a 
small daily increase in temperature in the order of one or two 


degrees Fahrenheit. This increase would continue for a rela- 


tively short period of time after which the bearing would wipe 
out completely, taking with it any evidence of the shaft voltage 


effects. 
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